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Abstract

Background: Osteoarthritis (OA) is the most common joint condition. Although risk factors are
well-recognised, the underlying pathogenesis is not fully understood. OA may be linked to
biomechanics and force distribution during activities, with the ankle playing a crucial role in
absorbing and transferring lower-limb forces. The ankle is structurally complex and
understudied. Further understanding of ankle morphology could lead to better prevention of,
and treatments for OA. This study aims to reconstruct Three-dimensional Statistical Shape
Models (3D-SSM) from ankle MRIs, identify key ankle morphological features and explore

their inter-relation to OA in the Newcastle Thousand Families birth cohort.

Methods: Prospectively collected data from 206 cohort participants aged 62 was used: 3D-
SSM were built using ankle MRI images to quantify morphological features (bone shape/area,
and joint space widths (JSW)) of ankle bones and joints. Sex differences, presence/absence of
knee/hip OA, and associations between quantified morphological features and other clinical
variables (body anthropometry, bone mineral density (BMD), and self-reported questionnaire

data) were analysed.

Results: This study found significant sex differences in ankle morphology, with females having
smaller JSW, bone area, and thinner bone shapes. Knee OA showed a pes-plan foot bone
shape while the hip OA had pes-cavus. Positive associations were found between ankle JSW
and BMD. Subtalar posterior JSW showed a positive association with knee JSW. Several ankle
JSWs showed a positive association with hip JSW in males only. Participants with hip/knee OA

have smaller ankle JSWs compared to others.

Conclusions: This is the first study using novel machine-learning techniques simplifying
morphological complexity to examine ankle structure and its association with OA, using a
population birth cohort. Results showed significant associations between ankle morphology
and OA. This indicates ankle morphology may have direct effects on knee and hip OA through
gait and mechanical force distribution. However, further studies are needed to confirm this

hypothesis, which could be tested in subsequent reviews of this cohort.
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Chapter 1: Introduction

1.1 Background
Osteoarthritis (OA) is a prevalent degenerative joint condition that affects millions of people

worldwide, causing pain, disability, and reduced quality of life (1). OA is exemplified by the
progressive deterioration of the cartilage and other structures in and around the joint, leading
to pain and decreased mobility (2). OA is increasingly thought of as a disease of ‘tear, flare and
repair’ (3). Although it can affect other joints like the hands and feet, it is most clinically
important in weight-bearing joints for instance the hips and knees (4). Even though the
specific cause of OA is still not completely understood, it is believed to be the result of a
combination of factors including ageing, joint injury, genetics, obesity, and biomechanical

factors (4).

The prevalence of OA varies by geographical region and demographic variables, but older
adults and women are at higher risk of developing the disease (5). According to the National
Institute for Health and Care Excellence (NICE), OA affects an estimated 8.75 million people
over the age of 45 years in the UK (6). As the population ages and the prevalence of obesity
continues to rise, this number is anticipated to increase (6). In addition, OA is the most
common form of arthritis in the UK, accounting for over half of all cases (7). It is estimated
that, by 2030, over 15 million people in the UK will be living with OA (8). OA is a significant
burden on healthcare systems, causing significant pain and disability and leading to decreased
quality of life. The increasing prevalence of OA is likely to increase the burden on healthcare
systems globally in the future, with an estimated 78 million cases expected by 2040 in the

United States alone (9).

The clinical assessment of OA includes two main methods. The first is a structural assessment
which mainly uses imaging modalities to evaluate the structure of the joint (10). Conventional
radiography is the gold standard imaging modality used for the diagnosis and monitoring of
OA (11). Radiographs show a visual representation of the joint and can detect signs of OA such
as joint space narrowing (JSN), osteophytes, and subchondral sclerosis (11). There are several

radiographic grading systems used for the assessment of OA. The most widely used is the
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Kellgren-Lawrence (K&L) grading system for the evaluation of the severity of OA, scoring from
0 to 4 based on osteophyte formation, JSN, and other radiographic findings (12, 13). For hip
OA, a modification of the K&L grading system was introduced by Croft, Cooper (14). Known
as Croft's grading system, it classifies the condition in five grades based on radiographic
features, with each grade indicating various levels of severity. In addition, joint space width
(JSW) is another measure and is the single standard criterion used by the USA Food and Drug
Administration (FDA) in clinical trials assessing potential disease-modifying OA drugs (15). The
use of JSW as a gold standard helps in the assessment of the progression of OA in different

populations over time (15).

Secondly, functional assessments are also used in the evaluation and management of OA, in
both in the clinic and research (10). They include physical performance and blood tests, joint
fluid analysis, and self-report questionnaires (16). One commonly used functional assessment
tool for OA is the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC)
questionnaire (17). It consists of 24 questions evaluating pain, stiffness, and physical function
in daily activities such as walking (17). These assessments help healthcare professionals to
determine an individual’s functional abilities and limitations and can guide treatment plans,

track progress, and identify areas for improvement in the management of OA symptoms (18).

While there is no known curative treatment for OA, there are numerous approaches that seek
to control its symptoms, such as reducing pain, improving joint function, and potentially
slowing the progression of the disease (19). Non-surgical means such as physical therapy,
weight management, and education are often the first line of treatment (20). The addition of
non-steroidal anti-inflammatory drugs (NSAIDs) can help to reduce pain and inflammation.
Physical therapy can help to improve joint mobility and reduce pain, while weight
management can help to reduce the load on affected joints (20). Nevertheless, in more severe

cases, joint replacement surgery may be necessary (19).

Risk factors for OA involve increasing age, obesity, joint injury, genetics, and biomechanical
factors (21). Older individuals are at higher risk of developing OA due to age-related changes
in the joints (18). Obesity increases the risk of OA as a result of the increased load on weight-
bearing joints and biochemical effects such as the release of CRP from visceral fat (22).
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In addition, joint trauma such as from sports injuries can also increase the risk of OA later in

life (23).

Genetic factors may also play a role, and individuals with a family history of OA are at higher
risk compared to others (24). Another important factor that plays a significant role in the
progression of OA is related to joint biomechanics. For example, repetitive stress placed on
joints may lead to an increase in the mechanical forces applied to the joints, leading to local
inflammation and gradual cartilage loss, which further promotes the development of OA

alongside other risk factors (25).

The foot and ankle play a crucial part in transforming the mechanical force throughout the
lower limb (26, 27). During the gait cycle, mechanical force travels from the ankle complex
region to the hip through the bones and joints of the lower limb, including the ankle, knee,
and hip joints (28). This transfer of force is crucial for normal human locomotion and for
everyday activities such as walking, running, and jumping (29). The bones and joints in the
lower limb act as mechanical levers, allowing the force to be transmitted from the ankle up
the limb and ultimately to the hip (30). Given the critical role that the foot and ankle play in
the reception, absorption, and distribution of forces during the gait cycle, alterations in foot
and ankle characteristics such as morphological variations in the bones forming the ankle
region, variations in the alighment of the bones, and static foot posture can increase the stress

on other joints of the lower limb, potentially influencing OA onset and progression (31).

Lower limb joints with structural or symptomatic OA can initiate similar symptoms in other
kinematically connected joints (4). Despite this, the majority of research in this area has
concentrated mostly on how the knee and hip interact, with little focus on the ankle joint. A
few studies have aimed to explore associations between ankle symptoms such as pain and
other lower limb OA functional and symptomatic features. For example, Gross, Niu (32) found
no link between ankle complex alignment and hip pain, while Paterson, Hinman (33) found
ankle pain worsened knee OA symptoms represented by worsening scores on WOMAC
subscales. A subsequent study by Paterson, Kasza (34) reported a correlation between

ankle/foot symptoms and knee pain, but no such association with worsening radiographic
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knee OA. Most recently, Perry, Segal (35) found a significant link between baseline ankle pain

and frequent knee pain at follow-up.

Other studies focus on the evaluation of the association between foot posture, ankle complex
alignment, lower limb alignment, and knee and hip OA. Results from various studies have
shown a significant association between foot posture and OA in the knee and hip. For instance,
Reilly, Barker (36), Reilly, Barker (37) and Abourazzak, Kadi (38) found relationships between
pronated foot posture and knee OA, and supinated foot posture and hip OA. Additionally,
Gross, Felson (39) established a relationship between pronated foot posture and knee pain,
cartilage damage, and OA symptoms. Recently, Zhang, Nie (40) found a higher risk of both
radiographic and functional knee OA symptoms in participants with a pronated foot type.
Furthermore, a recent systematic review and meta-analysis published by Almeheyawi, Bricca
(31) concluded that pronated foot posture was present in people with knee OA, yet the
relationship between OA and other foot and ankle characteristics was uncertain due to the
heterogeneity of studies and the need for further studies using more common measurements

was recommended.

Several studies have investigated the relationship between OA in both the hip/knee and the
incidence of ankle OA. Some studies have shown that the severity of valgus and varus
deformities in the knee joint can significantly impact the alignment of the lower limb and
change the hip-knee-ankle angle, affecting the ankle (41-43). Also, a 3-year follow-up study
by Kraus, Worrell (44), which used nuclear medicine bone scans to evaluate ankle joint
abnormalities in 159 subjects with radiographic knee OA, found a significant correlation
between ankle bone scan abnormality and a decrease in knee JSW. In addition, a high
prevalence of ankle OA has been found in patients with hip and knee OA, with reported
prevalence levels of 29% Tallroth, Harilainen (45) 37% Xie, Jiang (43) and 24% (46). These
findings indicate a structural association between the lower limb joints, where abnormality in

one joint may affect others.

These investigations have focused primarily on the correlation between OA in both the hip
and knee joints and various aspects of the ankle and foot such as pain, alignment, the
incidence of OA and several functional characteristics, indicating an association possibly
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driven by biomechanics and force distribution factors between the ankle and foot and OA in

other joints of the lower limb, but the specific relationship remains to be further explored.

Despite significant findings from the studies mentioned above, they all share limitations in
terms of representativeness and generalisability. Most studies used convenience sampling
methods which may not accurately reflect the larger population, and only included
participants exhibiting advanced stages of OA. Additionally, these studies did not directly
examine the morphological aspects of the ankle joint complex and its interrelation with hip
and knee OA. Instead, they primarily focused on using methods such as measurements of
lower limb alignment and foot posture and functional classification systems of the lower limb

joints.

Recent studies by Almeheyawi, Bricca (31) and Perry, Segal (35) highlighted the importance of
assessing the structural association between ankle complex morphology and both the hip and
knee joints in their recommendations. One possible reason for the failure to investigate such
an association is that the ankle is a complex anatomical region composed of several
interconnecting bones (26). Previous studies aimed at understanding the structure of the
ankle joint have primarily relied on two-dimensional (2D) measures from standard
radiographs, but these methods may not accurately represent the complex three-dimensional
(3D) morphology of the ankle joint (47, 48). As a result, the use of 2D radiographs to evaluate
such an association may not be effective, leading researchers to focus on other methods for
the measurement of the characteristics of the foot and ankle in order to investigate their

association with features of OA in other lower limb joints (49).

Rapid technological developments in the last decade have given insights into 3D joint
morphology (50). For example, magnetic resonance imaging (MRI) has the capability to
evaluate joints so as to visualise all of the aspects of their anatomy and morphology in 3D
without the need for ionising radiation. Another advantage of MRl is the ability to apply novel
image analysis applications such as statistical shape modelling (SSM). This is a novel approach
in medical imaging that applies statistical techniques to model the variability in shape of a
population of anatomical structures (51). In comparison to conventional radiography, SSM
offers several advantages. Firstly, it can incorporate large amounts of data for the creation of
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a more accurate representation of the structure of interest, resulting in improved diagnostic
accuracy. Secondly, it provides a more accurate representations of the 3D structure of a part
of the anatomy, allowing for detailed automatic quantifications of important measurements
compared to conventional radiography. Thirdly, it has the ability to account for variations in
patient anatomy, allowing for a more personalised analysis. Finally, it can account for changes
in shape that occur over time, permitting the monitoring of disease progression and the

response to treatment (51).

Recently in research into OA, SSM has been applied to musculoskeletal imaging with a focus
on the hip and knee joints (50, 52-54). By modelling the variability in shape of the bones and
cartilage in these joints, SSM provides a more comprehensive understanding of the joint
structure and can be used to identify subtle changes that may indicate the development of
OA (54). The advantages of SSM in OA imaging include improved diagnostic accuracy, a
reduction in observer variability, and the ability to quantify disease progression over time (51).
While SSM has proven to be a valuable tool in the imaging of knee and hip joints, its
application in the imaging of the ankle joint complex is still limited (47). One of the main
challenges in using SSM to explore the morphology of the ankle complex is the limited
availability of imaging data sets. Since the initial clinical evaluation of the ankle is usually
achieved by standard radiography, the use of 3D cross-sectional imaging such as computed

tomography (CT) or MRI which is needed to construct 3D SSM s not typically used (47).

Recent studies have attempted to use SSM on CT images of the ankle complex region to
provide a clearer understanding of the complexity of the morphology of the ankle (47, 55-57).
These studies aimed to either validate the method or explore differences in morphology
between the sexes. Despite these efforts, the sample sizes used in these studies were limited,
with the largest including only 66 participants (57). Furthermore, these studies did not
examine the relationship between morphological variations in the ankle complex and OA in

the hip and knee.

The Newcastle Thousand Family Study (NTFS) (58), which is discussed in more detail later in
chapter 5, offers a valuable opportunity to explore the morphology of the ankle joint in a
larger and more representative sample. This birth cohort study has undergone several follow-
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ups, the most recent of which took place at age 62 where a musculoskeletal examination was
conducted. Radiographic and functional assessments of OA were performed on both the hip
and knee joints, and MRI images were collected of the ankle complex region as well as other
clinical variables such as bone mineral density (BMD) and body anthropometry. The
availability of such rich data from the NTFS presents a unique opportunity to study
morphological variations in the ankle complex region in a population using 3D MRI SSM and

to examine its interrelation with OA in other lower limb joints.

1.2 Aims and objectives.
This study aimed to use MRI data to construct 3D SSM of the ankle complex region, in order

to simplify our understanding of the anatomical complexity of the area and quantify important
morphological features. These models can provide baseline morphological data for a cohort

of participants and could be used in future follow-up studies.

The first objective is to summarise the key morphological features of the ankle joint complex,
such as JSW, bone shape, and bone area, from the 3D SSMs constructed using MRI data

obtained from the study population.

The second objective was to identify any associations between morphological variations in
the ankle and demographic factors such as sex, body anthropometry and regional BMD
measurements. This information provides insights into any sex-related morphological
variations within the population studied as well as the relationship between regional BMD

and ankle morphology.

The final objective was to examine the interrelation between the key morphological features
quantified using the 3D MRI SSMs and the radiographic features of both hip and knee OA,
such as K&L scores and JSW, and functional features including pain and WOMAC scores. This
analysis will provide insights into the relationship between ankle morphology and joints that
are susceptible to OA and share the same kinematic chain. Although cross-sectional and
limited to the establishment of associations rather than causality between ankle
morphological variables quantified from 3D SSM and OA, this study represents a crucial first

step towards the design of a more valuable longitudinal cohort study.
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1.3 Hypotheses:
Hypothesis 1: 3D MRI statistical shape models help to simplify the evaluation of

morphological variations in the anatomically complex region of the ankle by quantifying key
morphological features such as bone shape, bone area, and JSW in individuals participating in

the NTFS cohort at the age of 62.

Hypothesis 2: Clinical variables such as sex and body anthropometry significantly affect key

morphological features of the ankle complex as quantified by 3D SSM.

Hypothesis 3: An association exists between the morphological features of the ankle complex
region quantified such as JSW as identified by 3D MRI SSM and regional bone density

measurements.

Hypothesis 4: Key morphological features such as bone shape and JSW of the ankle complex
region quantified by 3D MRI SSM are associated with radiographic and functional variables of
both knee and hip OA.

1.4 COVID-19 impact statement
The COVID-19 pandemic has had a major impact on early-career researchers, including myself.

| encountered difficulties in conducting primary data collection for my PhD programme at
National Health Service (NHS) facilities, specifically the Royal Victoria Infirmary in Newcastle
upon Tyne, UK, due to the restrictions imposed by COVID-19. The process of obtaining the
required research passport and ethical approval was finally received in September 2020
having been delayed for over 8 months after | had submitted the research passport in January
2020 before the pandemic outbreak. Despite gaining the required approval, access to NHS
facilities was still not granted for several months due to lockdowns and restrictions on non-

essential work and research activities, causing a total delay of 10 months.

The UK government’s announcement of lockdowns and later restrictions imposed by
institutions such as Newcastle University were the reasons for the disruption in accessing the
necessary facilities for my PhD research. Additionally, even outside of lockdown, access to
specific NHS facilities was limited due to reductions in the numbers of researchers allowed in
order to comply with social distancing rules. To support my family’s well-being, | temporarily

returned to Saudi Arabia during the first lockdown, which included a 14-day hotel quarantine
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and curfew regimen. This further impacted my mental and physical health and limited my time

for non-facility-based work such as writing this thesis.

The second and third national lockdowns in November-December 2020 and January-March
2021 also resulted in limited access to NHS facilities and affected my collaboration with the
Imorphics company in Manchester, since domestic travel was not allowed, and | did not have
full access to the technology necessary for image analysis. After the completion of data
collection, | needed to make changes to the research objectives which were necessary to alter
the PhD track, which required more time to adjust previously written chapters. However, |
have compensated for this lost time by putting more effort into completing my studies with

the help and support of my supervisors and collaborators.

The COVID-19 pandemic has presented challenges to me personally including disruptions to
my family life, and also to my research, but it has also provided the opportunity to develop
and refine several personal skills, such as adaptability, critical thinking, problem-solving,
online collaboration, and time management. The changing circumstances of the pandemic
have required me to be resourceful and self-sufficient, and | have learned to find new ways to
conduct my research and balance my work with personal responsibilities. Many PhD students
were not able to continue their studies during this difficult time. | am very grateful and
consider myself lucky to have been able to complete my research and submit my thesis

regardless of all of the obstacles that | and many other students have faced.

1.5Thesis outline
The thesis outline serves as a roadmap for the reader, giving a comprehensive overview of the

entire thesis, including the content and structure of each chapter. Below is a breakdown of

each chapter in this thesis:

Chapter 1: Introduction. This chapter introduces the study and includes a short background
section followed by the research hypotheses and the aims and objectives of the study. Finally,

a COVID-19 impact statement is also included.

Chapter 2: Osteoarthritis. This first part of the literature review focuses on the definition,

prevalence, and incidence of OA. It also offers a review of all the risk factors associated with
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the disease. This chapter helps in understanding the background of OA and the factors that

contribute to its development.

Chapter 3: Anatomy and biomechanics of the ankle joint complex. The second part of the
literature review focuses on the anatomy of the ankle joint complex, including of the bones
and joints, followed by a discussion of the biomechanics of the ankle. The specific anatomical

terminologies used in this thesis are also defined.

Chapter 4: Role of imaging in OA. The final part of the literature review explores the use of
various diagnostic imaging modalities such as MRI, X-ray, and DXA. It introduces statistical
shape modelling and reviews previous work conducted on the knee and ankle joint, thus
providing a comprehensive understanding of the diagnostic tools used in the study and the

significance of their role in the evaluation of OA.

Chapter 5: Methods. This chapter introduces the main source of data used in this study, which
is the NTFS cohort. It also illustrates how data were collected and the methods used in SSM
construction. This chapter provides a detailed understanding of the study design, data

collection methods used, and statistical analysis applied in the research.

Chapter 6: Bone shape results. This chapter presents the results relating to morphological
variations in the shape of the ankle bone and bone area in the population and their association

with other relevant variables.

Chapter 7 Joint space width results. This chapter reports the results from the ankle JSW
analysis in which the association with other variables is explored, and a detailed explanation

of the findings is provided.

Chapter 8 Discussion. This chapter considers the results presented in the two previous
chapters, compares them to similar findings found in the literature, and links the outcomes to
the aims and objectives of this research. The scientific contributions of the research are also
discussed, along with the limitations of the study and recommendations for future research.

The research conclusions are also presented.
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Chapter 2 Osteoarthritis

2.1Summary
The chapter showed that OA is a prevalent disease mostly affecting older people and is

described as a disease that affects the structure of the joint. In the UK, more than 8 million
people are diagnosed with OA, which places a significant burden on healthcare systems, and
causes pain, disability, and reduced quality of life. In recent years, researchers have focused
on explorations of several aspects of the disease so as to better understand the risk factors
involved and to introduce new management and prevention methods. One area of recent
interest has been modifiable risk factors, and particularly biomechanical factors. While
progressive OA is biochemically mediated, it is also mechanically driven. Therefore, the
modification of biomechanical risk factors could potentially reduce the disease’s progression.
The ankle complex region can affect the biomechanics of the lower limb, but it has as yet
received limited attention, with few studies exploring the relationships between ankle
morphology, symptoms, and function and the knee and hip joints. An understanding of the
relationship between the ankle complex region and other joints that share the same kinematic
chain could shed light on the biomechanical effects of ankle structure that may influence the

development and progression of knee and hip OA.

2.2 Historical context of OA
According to Scally and Womack (59), a consideration of the historical context of any disease

is important if its nature is to be understood. Therefore, an exploration of the history of OA
can extend our perspective on the disease by looking at past and present controversies. This
section highlights how OA has historically been conceptualised and what has changed in our

understanding in recent times.

‘Rheumatic gout’ (now known as gout) has been identified as the first joint disease to be
characterised. It was initially recognised in 2640 BC by the Egyptians, and Hippocrates, who
was an early Greek physician known as the father of medicine, referred to it in the fifth century
BC as ‘the un-walkable disease’ (60). The word ‘gout’ was derived from the Latin word gutta,

which means a drop of a substance. The use of this term is based on a belief from the middle
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ages to which pain and swelling in the joint were explained in terms of a drop of phlegm under

specific circumstances (60).

Based on many historical sources, it was assumed in the past that all forms of chronic arthritis
emerged from gout (60). This was the case until 1782, and in particular when William
Heberden distinguished between rheumatic gout and rheumatism, also known as arthritis
(61). He also discovered bony growths on the fingers, which are now named after him as
Heberden’s nodes (61). In 1800, French student Augustin-Jacob of Landre-Beauvais defined a
new disorder in the joint that was different from rheumatic gout and conventional
rheumatism. This clarification resulted in the designation known as Rheumatoid Arthritis (RA)
which was introduced in 1859 by Alfred Baring Garrod, based on the Augustin-Jacob theory
(62).

In the mid-1850s the first description of OA was presented by Richard von Volkmann after
consideration of the condition from a pathological and anatomic viewpoint. This resulted in it
being differentiated from gout and RA (2). In 1890 the disease was named osteoarthritis by

Sir Archibald Edward Garrod and it has been known as such until the present time (2).

Radiography played an important role in confirming the previous distinctions between the
different forms of arthritis, and it remains a mainstay in the diagnosis of OA today (2). In 1895,
radiographs were first introduced by Wilhelm Konrad Rontgen. The invention motivated many
scientists, such as Goldthwaite and others, to explore arthritis in more depth. This resulted in
the first radiographic differentiation between RA and OA from an exploration of new bone
formation identified in the radiographs of different patients (61). In 1952, the x-ray was used
by Kellgren and Moore to explore the difference between primary OA and secondary OA,
following the theory of Heberden’s nodes (61). Furthermore, in 1957 Kellgren and Lawrence
used radiographic images to strengthen diagnostic methods for OA by presenting a
classification scheme that is still accepted nowadays as the current gold standard for the

diagnosis of OA (12).

Figure 2-1 below briefly explains the history of OA. It is clear that the condition has been
subject to research for the past 200 years, yet it remains a disease that is not fully understood

and which affects many people around the world. In addition, it is apparent that the use of
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diagnosticimaging modalities has in the past enhanced many aspects of OA diagnosis and that

they still play a vital role in clinical assessment and epidemiological studies. These issues are

considered in more detail in chapter 4.

Year

Brief History of Osteoarthritis from 1800s to the present

Early Clinical Sketch of OA (1793)
No drug therapy exists to effectively halt the progression of OA

2018
2015

2010

2005
2000
1990s

1980s
1970s
1957

1954

1953
1952
1945
1941

“Digitorum Nodi. What are these little hard ]
knobs, about the size of a small pea, which _aast?®

are frequently seen upon the fingers ... _..."" OA progression increasingly activates innate and adaptive immune systems
They have no connection with gout” .

{1793) Commentaries, Lond, 148-9!

"

‘__.-"' Radin & colleagues equate OA synovial joint ‘organ’ failure with heart or kidney failure.

Emerging evidence suggests that OA is not primarily a disease of cartilage but of the whole joint.

o
K

o OA research shifts emphasis to systemic and local inflammation and cartilage, synovium and bone loss.
Cartilage erosion was linked to metabolic defect in chondrocyte/matrix homeostasis. Search for biomarkers begins.

Valkenberg and colleagues (1989} describe definitive OA epidemiology in over 6000 subjects that set a benchmark.

o
Major advances in molecular biology opened a new era to study mechanisms of OA and RA from bench to bedside.

Willam Heberden (1770-1801 "'
Kellgren and Lawrence provided radiographic guidelines and grading scores for clinical diagnosis and treatment of RA & OA.

First papers were published detailing total knee replacement procedures for OA and RA. Set the stage for the surgical advances.

" Collins in UK studied post-traumatic erosions of articular cartilage, and how its progression was amplified with age.
Keligren and Moore in UK conducted X-ray analysis of many patients and defined a new 'primary generalized' entity of OA more prevalent in
middle-aged women than men. Their analysis provided further support that Heberden's Nodes were OA, after J B. Burt's analysis in 1910

y Swedish Carl Hirsch performed biomechanical studies on the knee, hip, and spine and attracted global attention for many decades.

5

¥ 4 William H. Bauer, US pathologist, defined OA ‘deformans' as a 'degenerative joint disease’, which involved inflammation, cartilage, bone and age.
Pommer presented evidence for mechanical stress of cartilage loss in OA, supporting the 1884-86 ‘wear-and-tear' hypothesis of Sir Arbuthnot Lane.

1927

1890 Sir Archibald |
E. Garrod wrote a
treatise on RA

Early 20" century views were influenced by A. E. Garrod's chapter in Rolleston’s System of Medicine (1907) — includes summary of Bannatyne's work.

Scottish physician G.A.Bannatyne (1896) differentiated both arthritis forms with X-ray illustrations. CA was more age-related and RA had a microbial basis.

1859
1850s

1834
1829
1800
1782

Prior to 1750

..'. Pathologist Rudolf Virchow (1858) presented RA and OA as ‘grades' of 'arthritis deformans’, after Charcot and Trastour (1853). Confused the field for >50 years

English physician Sir Alfred Baring Garrod introduced the term RA and distinguished it from "chronic rheumatic gout of Heberden’ and ‘theumatic gout of Fuller'
by measuring excess uric acid in blood. Garrod proposed different forms of 'rheumatoid' disorders with different underlying pathologies.

German orthopedic surgeon, Richard von Volkmann distinguished between all three major forms of arthritis, and appears to have originated the term 'osteo-arthritis".

: Ecker provided the first systematic histology of cartilage joint erosion (Abnitzung or 'wearing away'). French JB Bouillaud demonstrated RA link with infection (1836)
English physician Benjamin Brody noted the articular erosion of cartilage in the elderly, and proposed age as a clinical risk factor.
French physician Landre-Beavais described a condition among the poor that was neither conventional “rheumatism” or gout (the condition is now known as RA)
English physician William Heberden separated 'rheumatism' from gout. He also identified nodes in terminal finger joints later termed "Heberden nodules' (see insert).

Joint swelling, aches, pain and disability were equated with the ‘rheumatism’ of Baillou (1736) defined as a collective of musculoskeletal pain disorders, including gout.

Figure 2-1. Brief history explaining the chain of knowledge about osteoarthritis from the 1800s to the present time adapted
from; (2). Permission for use available via ELSEVIER LICENCE: #4666700040335.

2.3 Definition of OA
In the past, many researchers and clinicians have deliberated over the correct definition of

OA. However, various scientific organisations have their definitions that differ from one

another, but have the same general meaning. For example, the American Rheumatism

Association defined OA as follows:

“A heterogeneous group of conditions that lead to joint symptoms and signs which are

associated with defective integrity of cartilage, in addition to the related changes in the

underlying bone and at the joint margin” (63).
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Additionally, the Osteoarthritis Research Society International (OARSI) has defined OA by
conducting a review with the aim to create a consistent description of OA that can serve as a
building block for researchers in the field. This has resulted in the following comprehensive
definition:
“Osteoarthritis is a disorder that can affect any moveable joint of the body, for example knees,
hips and shoulders. It can show itself as a breakdown of tissues and abnormal changes to cell
structures of joints which can be initiated by injury.” AND ’Osteoarthritis first shows itself as a
change to the biological processes within a joint, followed by abnormal changes to the joint itself

(such as the breakdown of cartilage, bone reshaping, bony lumps, joint inflammation, loss of

joint function). This can result in pain, stiffness and loss of movement” (64).

2.4 Pathogenesis of OA
The pathogenesis of a disease is defined as the chain of events that generates and develops

the biological mechanism underlying the disease (65). For many years, researchers have been
studying the pathogenesis of OA and, initially, it was thought of as a disease that affects
articular cartilage causing ‘wear and tear’ changes. This resulted in it being labelled as a
degenerative joint disease (66). However, clear recent evidence indicates that episodic joint
inflammation and OA are now increasingly being thought of as diseases of ‘tear, flare and
repair’ (3). The term ‘tear’ refers to damage to supporting structures such as ligaments and
tendons leading to joint instability and promoting early OA. The term ‘flare’ refers to the
episodic inflammation process that occurs in and around the joint, and the term ‘repair’
reflects the joint’s innate capacity to self-repair. This evidence shows that it is not simply a
‘wear and tear’ disease that affects the cartilage only; in fact, many morphological changes
occur in other structures in and around the joint (3). Figure 2-2. Morphological differences
between a healthy knee and a severely osteoarthritic knee, such as meniscal tears,
subchondral bone remodelling, changes in the synovium, the development of bone marrow
lesions and the formation of osteophytes caused by biomechanical stresses and cellular

changes (65).
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Figure 2-2. Morphological differences between a healthy knee and a severely osteoarthritic knee available via licence:
Attribution 4.0 International CC BY 4.0).

As a result, the pathogenesis of OA is much more complex than was previously assumed. It is
a whole-joint disease causing structural alterations in the joint affected (67). Inflammatory,
mechanical and metabolic factors are all part of the complex pathogenesis of OA and such
factors lead to structural damage in the joint (67). Finally, the disease is not a degenerative or
so-called ‘wear and tear’ joint disease, but is an active disease of dynamic alteration that
occurs due to the inequity between damage and repair to joint tissues (18); thus, it would

more accurately be described as ‘tear, flare and repair’.

2.5 Diagnosis of OA

2.5.1 Clinical assessment
In order to clinically diagnose OA, a full clinical assessment needs to be performed (10). This

starts by exploring the patient’s history, focusing on specific symptoms of the disease, like use-
related pain and absent or short-lived morning stiffness (10). This will help to discriminate
between different types of arthritis (10). Afterwards, a physical examination aims to elicit joint
signs, including muscle wasting, crepitus, cool effusion and reduced range of movement (68).
Some physicians may also use clinical classification criteria and specific scoring systems such
as the Western Ontario and McMaster Arthritis Index test (WOMAC) to help assess impact

(69). Medical imaging plays an important role in the diagnosis of OA, which is explored in more
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detail in chapter 4. The following section reviews the signs and symptoms associated with OA,
taking a general overview of the physical examination, and gives an overview of the clinical

criteria and scoring systems used.

2.5.2 Signs and symptoms:
Patients suffering from OA usually develop symptoms that increase over time (70). These

symptoms may differ in severity from one patient to another, and can start in one joint and
develop to include other joints (70). As with any disease, OA has various signs and symptoms,
which are defined in Table 2-1. If a patient presents at a clinic with these signs, this increases
the possibility of being diagnosed with OA (71). The following section briefly reviews the most

important signs and symptoms of OA.

Table 2-1. Signs and symptoms of OA adapted from (71)

Signs and symptoms of OA
Symptoms Signs

Pain Limitation of motion
Stiffness Tenderness
Swelling of the joint Crepitus
Weakness Altered gait
Instability and Grating sensation Bony swelling
Deformity Effusion

2.5.3 Pain
Pain is known to be one of the first predominant symptoms of OA and it is usually the main

reason for OA patients to visit their doctor (71). The severity of the pain varies in weight-
bearing joints compared to other joints, and it is usually described by the patients as an in-
joint ache (70). Furthermore, the pain felt in weight-bearing joints such as the knee is worse
when walking or standing and is relieved by resting (72). Some reports suggest that the origin
of the pain in the joint may be represented by anatomical changes in the joint itself (73). For
example, knee OA patients who suffer from lateral compartment OA define the origin of the

pain as being localised in the lateral part of the knee.
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However, others argue that the origin of the pain in the joint does not necessarily represent
anatomical changes (72). They rely on the fact that several anatomical parts in the joint do not
have any nerves (pain receptors). For example, undamaged cartilage, meniscus and synovial
cavity in the knee do not have any nerves in them; therefore, any anatomical changes in these

sites will not present pain that can be directly linked to that change (74).

2.5.4 Stiffness
Localised joint stiffness is a common symptom of OA. The stiffness is reported to occur in the

early morning or after a long period of inactivity and it lasts for several minutes and is reduced
by the motion of the joint (69). However, more severe, and prolonged stiffness is also known
to be a symptom of different types of arthritis such as RA and it can be used to distinguish
between one type and another depending on its duration. It is not, therefore, specifically
linked with OA alone (69).

2.5.5 Limitation of motion

In the early stages of OA progression, patients complain of having difficulties in joint motion
alongside pain (10). Such limitations gradually start to affect the quality of life and result in
several limitations that make basic daily activities hard to achieve. In patients suffering from
hip and knee OA, this may include walking and climbing stairs (10). Limitations in hand motion
and loss of grip strength are noted in patients suffering from hand OA (75). Therefore, such

limitations are noted as clear clinical signs of OA in the affected joint.

2.5.6 Physical examination
Physical examination is an important part of clinical assessment. It aims to lead to a diagnosis

of OA or to rule it out, and the outcomes of the physical examination can help in establishing
the stage of the disease in some cases (16). The examination will include a general inspection
of the joint, palpation to look for joint deformity, the presence of inflammation or swelling,
and a general gait assessment to examine the motion of the joint (16). The nature of the
examination may vary depending on the joint affected, since each joint may present different

characteristics in the physical examination (69).
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2.5.7 Clinical criteria and scoring systems
The use of clinical criteria is an important part of a diagnosis of OA and will remain a vital

factor until an improved diagnostic method that can integrate all aspects of the clinical
assessment, including clinical findings, laboratory tests and radiological procedures, is
established (10). One of the most widely used classification systems for the diagnosis of OA
was developed by the American College of Rheumatology for the diagnosis of knee, hip and
hand OA (63). The classification criteria for the knee are summarised in table 2-2 below. It is
clear that the highest sensitivity and specificity are achieved by following the classification for

clinical and radiographic criteria, with 91% sensitivity and 86% specificity (63).

Table 2-2. Criteria for the American College of Rheumatology classification of osteoarthritis of the knee adapted from (63).

Criteria for classification of osteoarthritis of the knee (American College of Rheumatology)

Clinical and laboratory Clinical and radicgraphic Clinical

Knee pain + at least 5 of Knee pain + at least 1 of Knee pain + at least 3 of
the following: the following: the following:

* Age =50 years * Age =50 years * Age =50 years

» Stiffness <30 minutes * Stiffness <30 minutes * Stiffness <30 minutes
* Crepitus * Crepitus * Crepitus

* Bony tenderness * Plus, the presence of osteophytes | * Bony tenderness

* Bony enlargement * Bony enlargement

* No palpable warmth * No palpable warmth

* ESR <40 mm/hour

* RF <1:40

* 5F OA

92% sensitive, 75% specificity 91% sensitive, 86% specificity 95% sensitive, 69% specificity

2.6 Epidemiology of OA

2.6.1 Prevalence and incidence
The estimation and determination of the incidence and prevalence of OA is difficult, since they

both vary depending on the definition and criteria used (76). For example, using radiographic
criteria gives different incidence and prevalence rates compared to symptomatic criteria (68).
The radiographic prevalence of hand OA as determined from the Osteoarthritis Initiative data

was 41% compared to 12.4% symptomatic prevalence (77). Similarly, the Johnston County
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Osteoarthritis Project’s data on knee OA also revealed a 28% radiological prevalence
compared to a 16% symptomatic incidence (78). A possible explanation for such variation is
the fact that not all symptomatic criteria such as pain correlate with radiographic criteria (68).
Despite that, several studies around the world have focused on estimations of both the

prevalence and incidence of OA.

In a study led by Lawrence, Felson (79), which focused on defining the prevalence of OA from
2003 to 2005 based on all the published analyses of national surveys in the United States, it
was shown that the prevalence of OA increases with age. More than 26.9 million Americans
over the age of 25 years had some kind of OA. Furthermore, their study found that the
prevalence of radiographic OA differs depending on the joint affected. For the knee joint,
37.4% of adults above the age of 60 years exhibited radiographic evidence of OA. Also, in the
hand joints, around 27.2% of adults showed radiographic signs of OA, and the percentage
increased to 80% in adults who were 65 years old. It was further shown that the prevalence
of symptomatic OA is lower than that from radiographic criteria, where the symptomatic

prevalence of hand OA was 6.8% of all adults and 16.7% for the knee joint.

The ankle joint has the lowest OA prevalence compared to that for other lower limb joints
(80). For example, UK data from 2017 reported a prevalence of ankle OA of 0.3% (81). That
could be due to the fact that ankle OA is categorised as secondary OA usually following a
specificinjury (82). However, several studies have reported a much higher prevalence of ankle
OA in individuals diagnosed with knee OA. Tallroth, Harilainen (45) reported that 28.8% of
participants with knee OA also had ankle OA, Xie, Jiang (43) found a 36.8% prevalence of ankle
OA in their study population and, most recently Kikuchi, Kanamori (46) reported a 24%
prevalence of ankle OA in their sample which contained knee OA participants, indicating a

possible structural association between the two joints.

A considerable literature has been published regarding the incidence of OA (83-86). For
example, Oliveria, Felson (84) examined the incidence rates of hand, hip and knee OA using
data from 696 participants who were members of the Fallon Community Health Plan in
Massachusetts, USA. Participants were defined using radiographic and clinical symptoms of
OA obtained from a multispecialty group practice, and the study results showed that the
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standardised incidence rates were 240 per 100,000 person-years for knee OA, 88 per 100,000
person-years for hip OA, and 100 per 100,000 person-years reported for hand OA.

Furthermore, a more recent study conducted by (86) analysed data from a random sample of
both primary and secondary health records from British Colombia, Canada (n=640,000
participants) during the period between 1991 to 2009 to calculate incidence rates of OA. The
total crude incidence rates were 14.6 and 16.3 per 1000 person-years for men and women,
respectively, with approximate annual increases of 2.5-3.3% per year. The variations between
studies in estimates of incidence rates for OA may differ due to variations in the criteria used
and the numbers of participants included in each study. However, a majority of reports agree

that both sex and age have significant associations with rates of OA incidence (76).

2.6.2 Burden of OA

2.6.2.1 Disability
The Global Burden of Disease (GBD) study led by the World Health Organisation aims to

document diseases such as OA that disable, injure and kill people around the world (87). In
the 1990 GBD study, OA was ranked 15th in a list comparing the diseases that were most likely
to cause disability. However, in a more recent GBD study conducted in 2010, OA was ranked
11th (88). Additionally, OA burden ranked 10th in America, 6th in Asia, 13th in Western
European countries and 7th in Eastern Europe (88). This demonstrates that OA is currently

one of the leading global causes of disability.

Disability from OA is well documented in the literature (89, 90). OA limits activity in persons
diagnosed with the disease, which restricts their participation in various daily life activities
(91). For example, in a health disability survey conducted in France, OA was the main cause of
disability. The authors reported that 22% of the participants had difficulty walking, 19%
struggled to carry out objectives and 13% experienced difficulties dressing (92). Also, in the
Third National Health and Nutrition Examination Survey in the USA, 80% of participants with
OA had movement limitations, of them 11% required personal assistance, and 25% could not

easily perform regular daily activities (93).
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2.6.2.2 Comorbidity and mortality
Mortality has not been one of the major areas of research in the OA population (94). Many

epidemiological studies focus more on disability and the economic burden of this disease.
However, some studies have partially focused on investigating the co-morbidity associated
with OA and the mortality ratio (95). A large population study led by Nuesch, Dieppe (96)
involved men and women with confirmed radiographic evidence of lower limb OA, which
aimed to evaluate the disease and causes of mortality in the OA population. The standardised
mortality ratio was 1.55 (95%Cl 1.41-1.70), which was similar to those for both cardiovascular
diseases at 1.71 (95%Cl 1.49-1.98) and dementia at 1.99 (95%Cl 1.22-3.25). Additionally,
increased walking disability was reported to increase the risk of death (p<0.001). The authors
concluded that the increase in mortality attributable to cardiovascular disease in the OA
population could be attributed to their lack of physical activity and the fact that patients with

severe OA-related disabilities are at a greater risk of mortality than other OA patients (96).

In a more recent propensity score-matched analysis, Hawker, Croxford (97) confirmed the
results from the previous study. The population in this study consisted of patients with clinical
and radiographic symptoms of lower limb OA. The authors established that the majority of
the causes of mortality were associated with the limitations on physical activity among OA
patients and that the risk factor of cardiovascular disease death increases in patients who

specifically have a severe walking disability (97).

However, data from two Dutch cohort studies that included patients with both upper and
lower limb symptoms of OA have been analysed, and no mortality risk increase in the OA
population was found (98). The results of these studies conflict with those of the two
previously cited studies but was arguably underpowered and with a potential healthy cohort

effect.
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2.6.2.3 Health care costs
Reports show that more than 13 million clinical visits were made by patients complaining of

OA symptoms in France in 2002 (99). The cost of such visits exceeded 1.4 billion Euros
(including 570 million for medication and 820 million for in-patient treatment), which is 1.7%
of the total cost of the health care system in France (99). In addition, OA was the second most
expensive overall of all medical diseases treated in American hospitals in 2013, accounting for
4.3% ($18.4 billion) of the total cost of hospitalisation (5415 billion) (100). In the UK around

£1 billion at 2010 prices is thought to have been spent on OA-related medical expenses (101).

In the United States, the total cost of hip and knee replacement surgeries increased nearly
threefold in under 10 years. In 1997, the cost was approximately 7.9 billion dollars and by
2004 this had increased to 22.6 billion dollars (102). Since the ageing population in the world
is increasing and rates of replacement surgery are also increasing, the economic situation is

predicted to worsen in the future (100, 103).

2.7 Risk factors for OA
Many factors can increase the risk of developing OA during the lifetime, and these are

categorised in two groups. The first is non-modifiable risk factors which include age, sex, and
bone density. The second group are modifiable risk factors such as obesity and biomechanical
risk factors such as the abnormal loading of the joint and joint malalignment (19). Some of

these risk factors are explored in the following sections.

2.7.1 Age
Osteoarthritis is known to be an age-related disorder, since age is classified as one of the main

risk factors for the disease (18). Research has shown that 30-50% of people over the age of 65
have already developed radiographic OA in at least one joint(104). This illustrates the fact that
the prevalence of OA increases in ageing populations (79). Prieto-Alhambra, Judge (85)
conducted a large study to estimate the incidence of OA relative to age and sex in different
joints. The study included data for over 3 million people aged 40 years or more who had been
diagnosed with OA for 4 years extracted from an electronic database of medical records
representing a Spanish population. The results showed that the incidence rates of OA in the
hand, hip and knee are higher in females and increase substantially with age for both sexes,

reaching a peak near the age of 75 years. Figure 2-3 shows OA incidence per 1000 person-
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years: 16-17 for the knee, 6 for the hip, and 4-5 for the hand. Additionally, a recent study by
Cui, Li (105) aimed to estimate the global prevalence and incidence of knee OA by conducting
a random-effects meta-analysis. It was found that, in participants aged over 15 years, the knee
OA prevalence was 16% while for those over the age of 40 years it was 23%. The association
between age and OA is well-established in epidemiological studies, and the results mentioned
above, and others have confirmed that age is a significant risk factor for the development and
progression of OA.
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Figure 2-3. Incidence of hand, hip, and knee OA in relation to sex and age, showing that incidence increases with age
reaching a peak around 75 years and females have a higher incidence of OA in all joints compared to males adapted from
(85).

The conceptual framework established by Ling and Ju (106) offers a possible explanation of
the relationship between ageing and the development of OA. It is based on the theory that,
in general, ageing results in the weakening of the bones, muscles, ligaments, and tendons
constituting the musculoskeletal system. This in turn increases the risk of OA, but does not
cause it alone. Such weaknesses produce changes both within the joint and outside of it; for

example, due to the occurrence of changes in the cells and matrix within the joint and the

development of sarcopenia outside the joint. Such changes increase the probability of OA in
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the joint in conjunction with other risk factors (see Figure 2-4 below), but it is not the main
cause. This is because OA incidence has a multifactorial nature and not all older people

develop OA (23).

Aging changes affecting joint function
* Sarcopenia

= Loss of proprioception and balance

* Increased joint laxity

2"

Musculoskeletal aging mmmp Osteoarthritis
' (tSusceptibility to OA) I

Aging changes affecting joint tissues OA Factors

* Cartilage more “brittle” and chondrocytes * Obesity

with less anabolic and more catabolic * Joint injury/instability
activity = Genetics

* Loss of normal bone structure * Anatomy

* Increased stiffness of ligaments and

tendons
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Figure 2-4. Framework for ageing and the development of OA adapted from(23); permission to use available via ELSEVIER
LICENCE: #4666700903053.

2.7.2 Sex
Several studies have reported that females tend to have higher ratios of prevalence and

incidence of OA compared to males (81, 85, 105, 107). In a meta-analysis conducted by
Srikanth (107), which focused on the correlation between sex and the prevalence of OA, it was
reported that females have more severe, and a higher prevalence of OA compared to males.
For example, in knee OA the results showed that the risk of the outcome in males compared
to females was significantly lower for males with (pooled RR 0.63, 95% CI 0.53—0.75). Also, the
results showed that females are more often affected by knee, foot, and hand OA.
Furthermore, following menopause, females present more severe radiographic knee OA
symptoms. Additionally, the results of a random-effects meta-analysis which included 88
studies with more than 10 million participants showed that female were at much greater risk
than males. In particular, females had a 1.39 times higher incidence than men (95% Cl, 1.24-

1.56) and a 1.69 times higher prevalence than males (1.59-1.80) (105).
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Recent data from a sizable primary care database that is representative of the UK was used to
estimate both the prevalence and incidence of OA (81). The study focused on the period from
1997 to 2017 and included data from more than 1.5 million participants. The results showed
that the incidence of any OA in females was higher than in males at 8.1 compared to 5.5 per
1000 person-years respectively. Similarly, the prevalence ratio of any OA type was also higher

in females at 12.8% compared to 8.6% for males.

Such data showing females to have a higher prevalence and incidence of OA compared to
males could be attributed to a combination of several factors that have been studied and that
show differences between sexes, including differences in joint size and alignment (108, 109),
bone strength (110), pregnancy (111), hormonal status (107), and neuromuscular factors
(112).

2.7.3 Obesity

Obesity is defined as having a body mass index (BMI) greater than 30 kg/m? (113). Many
studies have considered obesity to be a substantial risk factor for the development of OA in
specific weight-bearing joints such as the hip and knee (114, 115). For instance, Coggon,
Reading (114) carried out population-based case-control research using data from three
different health areas in England. The study sample consisted of 525 participants aged 45 and
older who were on the surgical waiting list for knee replacement. Another 525 participants
matched for age and sex were recruited to serve as a control group. The results showed that,
when the BMI was below 20, the odds ratio for having OA was 0.1 (95% ClI 0.0-0.5), whereas
if the BMI was above 36 it increased to 13.6 (95% Cl 5.1-36.2).

Likewise, a dose-response association between the possibility of knee OA and obesity was
established in a meta-analysis which concluded that every increase of 5 units in a participant’s
BMI was accompanied by a 35% increase in the risk of knee OA (22). A Swedish population
study reported that people with BMls in the highest quartile were substantially more likely to
develop knee OA than those in the lowest quartile. With a relative risk estimate of 8.1 (95%
Cl, 5.3t0 12.4) (116). Another study focused on weight loss and its association with the risk of

developing knee OA, reporting the risk decreased by half for each 5kg body weight loss (117).
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A recent systematic review and meta-analysis of the results of 23 studies conducted by
Solanki, Hussain (118) investigated the relationship between weight increase and the
clinical characteristics and structural development of knee OA and rates of total knee
replacement (TKR). It was concluded that an increase in weight is linked to elevated clinical
and structural knee OA and TKR. The authors recommended that methods for the prevention
weight gain should be considered in order to slow progression and improve the management

of such diseases.

The previously mentioned studies show that obesity is an important risk factor for OA, and
the World Health Organisation also consider that it is becoming a global issue (119). Therefore,
further research is needed to develop new prevention methods to minimise any increases in

the incidence rate of OA in the future.

2.7.4 Bone density
A crucial indicator of bone health and strength is bone density, which is also known as bone

mineral density (BMD) (120). It reflects the volume of bone that contains a certain quantity of
mineral content. Low BMD values are associated with a higher risk of fractures, especially in
older individuals and people with various medical problems (120). The most common method
for the determination of bone density is dual-energy X-ray absorptiometry (DXA) (121). This is
a type of diagnostic imaging technique that uses low-dose X-rays to evaluate BMD in several
parts of the body (122). Owing to its precision, repeatability, and minimal exposure to

radiation, this approach is extensively used (122).

There has been much discussion in the literature on the association between OA and BMD.
The majority of studies have focussed on the hand, spine, hip, and knee joints with none
assessing the association with the ankle or foot joints (123). However, the results of such
studies have been controversial. Several have shown a link between higher BMD and an
increased incidence of radiographic hip and knee OA, concluding it to be a risk factor for OA
(110, 124-126). In contrast, other studies found no such association (127-130). Such
conflicting findings could be attributed to differences between studies regarding the outcome
measures used, the characteristics of participants included, or the health status of the joints

considered.

43



For instance, studies which used the K&L as a measure of radiographic incidence show a
significant association with higher BMD measurements (126), whereas those that used both
K&L and joint space narrowing (JSN) as measures of radiographic occurrence found no
association with JSN measurements (130, 131). This could be attributed to the K&L grading
incorporating osteophytes (132), which are known to have a significant association with BMD

as explained in terms of the mechanisms of bone remodelling (123).

Therefore, the relationship between OA and BMD seems to be complex and may differ
depending on the specific joint studied and several other factors that may confound the
association, such as age, sex, and BMI (123). Further research such as studying other joints
and using new methods is essential to help developing our understanding of the complex

relationship between OA and BMD.

2.7.5 Biomechanics
As previously mentioned, one of the characteristics of OA is the progressive loss of articular

cartilage within a joint (66). Even though the precise aetiology of OA is yet to be determined,
several studies have indicated that biomechanical factors can increase the probability of both
onset and progression of OA (133). Biomechanical factors are physical variables increasing the
mechanical load and stress on joints, which might eventually lead to articular cartilage
damage (25). Such altered loading that potentially has a negative effect on cartilage structure
as well as function has been recognised for many years (134). Many factors can result in
alterations in the mechanical load in lower limb joints, including joint injury, obesity, high-

impact sports, and malalignment (135). These factors are discussed in this section.

Several studies report that, when an individual experiences a joint injury, their risk of
developing OA increases significantly (136-139). For example, a study conducted by Gelber,
Hochberg (138) explored the risk of developing knee OA with a history of knee and hip injury
in 1321 younger adults who were followed up for 36 years. The results showed that, for the
141 participants who had reported injured joints, the relative risk of developing knee and hip
OA increased by 5.17 (95%Cl, 3.07-8.71) and 3.50 (95%Cl, 0.84-14.69) respectively. A recent
systematic review by Poulsen, Goncalves (139) reported that, compared to those with intact

knee joints, individuals with an isolated anterior cruciate ligament injury afterwards had 4.2
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times higher odds of developing knee OA, while those who suffered an isolated meniscus

injury had 6.3 times higher odds of developing knee OA.

A possible explanation for this association is that injuries to the joints can result in increased
inflammation, instability, and altered joint alignment (140, 141). Over time this can result in
alterations in joint mechanics, leading to abnormal loading patterns on the joint and then to

articular cartilage damage (141).

As seen in the studies mentioned in section 2.7.3, obesity is a well-established risk factor for
OA. However, in terms of biomechanical risk factors, obesity has been shown to affect both
the gait cycle and the joints, possibly resulting in increasing joint stress (142-144). Messier,
Legault (145) studied the effect of loss of weight on the amount of mechanical load applied to
the knee joint in 316 obese participants diagnosed with knee OA, for whom knee joint forces
and moments were calculated using 3D gait analysis over 18 months. The results revealed that
the loss of 10% of body weight is associated with lower knee joint forces and moments, with
possible beneficial alterations in the mechanical pathway of OA. A systematic review
concluded that obese people walk at a slower speed, with shorter and wider steps and longer
stance duration than normal-weight people at a self-selected speed (146). However, although
such biomechanical changes may affect the load-bearing regions of articular cartilage, their

potential involvement as risk factors for OA remains unclear (144).

Various studies have highlighted a correlation between repetitive joint use and an increased
risk of OA (147-149). The risk of developing knee OA is twice as high for individuals who work
in jobs that depend on repetitive specific physical performance such as squatting and kneeling,
particularly if they are obese, compared to those who do not engage in such physical activity
as part of their work (147). Similarly, prolonged standing and lifting have been linked to hip
OA (150). Such a concept of a negative effect of repetitive joint use associated with occupation

could also be linked to any physical activity (151).

While exercising and engaging in sports activities are considered to be beneficial for joint
health, overloading the joint and especially sports injuries may cause harm (152). Some
studies have reported an increased risk of OA associated with repetitive, intensive, and high-

impact sports like tennis, squash, and various team sports (153, 154). The prevalence of knee
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and ankle OA in former professional footballers was explored in a systematic review by Kuijt,
Inklaar (155) and it was concluded that the prevalence of OA in that group was higher

compared to the general population.

Another systematic review explored the relationship between hip OA and participation in
professional high-impact sports (156). The results showed that such athletes had an increased
risk of developing hip OA compared to others (156). Such evidence indicates an increased risk
of OA associated with occupations that require physical activity and long-term participation
in high impact activities. However, more research is needed to determine if the association
between joint injury and OA is solely related to increased mechanical loads on joints, or if the

presence and severity of injury also play a role.

Alignment relates to the relative positioning and orientation of bones and joints in the body
(157). Improper alignment, also known as malalignment, can cause higher stress on joints
which may lead to the onset and progression of OA (158). The frontal plane alignment in the
knee is known to be a strong predictor of knee OA progression (159). A recent Chinese
longitudinal study by Wang, Liu (160) reported that both varus and valgus knee malalignment
were associated with the increased prevalence of both medial and lateral knee OA
respectively, with values of OR 6.1 (95% Cl: 4.4-8.6) and 5.0 (95% Cl: 2.4-10.5) respectively. In
addition, altered knee loading during walking had been previously noted in a participant with
varus knee alignment. Meanwhile, a meta-analysis conducted by Van Tunen, Dell’lsola (161)
showed a higher adduction moment during walking in participants with medial knee OA (OR

=3.0; 95% Cl 1.9-4.9) compared to others.

Only limited evidence of biomechanical risk factors associated with the characteristics of gait
in hip OA participants has been published (162). Tateuchi, Koyama (163) conducted a detailed
analysis of the gait cycle in hip OA participants aiming to understand biomechanical risk factors
related to hip OA progression. They concluded that increased cumulative hip loading during
daily activities is significantly associated with hip OA progression over 12 months (OR = 1.34;
95% Cl 1.06-1.70; P = 0.0130).

The structure and function of the ankle joint complex can also alter the biomechanics of the

lower limb. The foot and ankle play a crucial role in transmitting mechanical force throughout
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the lower limb (26). The mechanical force travels from the ankle complex region during the
gait cycle to the hip through the bones and lower limb joints, including the ankle, knee, and
hip (28, 164). This transfer of force is crucial for normal human locomotion and for everyday
activities such as walking, running, and jumping (29). The lower limb bones and joints act as
mechanical lever systems, allowing force generated at the ankle to be transmitted up the limb
and ultimately to the hip (30). The foot and ankle thus play a critical role in the reception,
absorption, and transfer of forces during the gait cycle. Any alterations in foot and ankle
characteristics, such as variations in the morphology or alignment of the bones in the ankle
region or static foot posture can increase the mechanical loading on other joints of the lower

limb, thereby influencing OA progression (31).

Many studies have explored the association between the hip and knee joints, focusing on OA-
related factors such as biomechanical, structural, functional, and symptomatic variables.
However, less attention has been given to the association between the ankle and the hip and
knee joints, and this may be because ankle OA has a much lower prevalence than that of the
knee and hip, as discussed in section 2.6.1. Despite such paucity of research, some studies
have considered the functional and symptomatic connections between the ankle and the
other joints. Gross, Niu (32) found no association between rear-foot varus alignment and
reported hip pain, whereas Paterson, Hinman (33) concluded that participants with ankle pain
reported a 39% worse score on all WOMAC subscales indicating worsening symptomatic OA
in the knee joint. A subsequent study Paterson, Kasza (34) found that reported ankle and foot
symptoms were associated with worsening knee pain, but no such association with
radiographic knee JSW was noted. Most recently, Perry, Segal (35) showed a significant

association between baseline ankle pain and frequent knee pain at follow-up.

These investigations focused primarily on correlations between various aspects of the ankle
and foot, such as pain and functional characteristics, and OA in both the hip and knee joints
indicating an association between ankle and foot symptoms and OA, but any specific
relationship involved remains to be further explored. Nevertheless, the structural association

between the ankle, hip, and knee remains relatively unexplored. In fact, Perry, Segal (35)
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highlighted the importance of an assessment of the structural association between the

complex morphology of the ankle and the hip and knee joints.

In addition, other research has evaluated the alignment of the ankle complex and lower limb
as well as foot posture in participants with knee and hip OA. The results of various studies
using different methods have shown a significant association between a pronated foot posture
and knee OA and between supinated foot posture and hip OA. Reilly, Barker (36), Reilly, Barker
(37) showed that participants with knee OA had a pronated foot posture, while those with hip
OA had a supinated foot posture, and Abourazzak, Kadi (38) found a significant correlation
between foot pronation and knee OA in a Moroccan population. Furthermore, Gross, Felson
(39) concluded that knee pain and damage to the medial knee cartilage are significantly
associated with a pronated foot posture. Most recently, Zhang, Nie (40) found that
participants with pronated feet had an increased risk of more severe knee OA symptoms and
cartilage damage based on K-L grade, pain score, and loss of function. Additionally, a recent
systematic review and meta-analysis by Almeheyawi, Bricca (31) concluded that pronated foot
posture was present in people with knee OA, but the relationship between other foot and
ankle characteristics and knee OA is not yet established due to heterogeneity between the
limited number of studies. The authors recommended the need for a more common
measurements methods when exploring the association between knee OA and foot and ankle

characteristics.

The structural relationship between the hip, knee, and ankle joints has also been investigated
in a number of studies. In a 3-year follow-up study, Kraus, Worrell (44) used nuclear medicine
bone scans to evaluate ankle joint abnormalities in 159 participants with radiographic knee
OA. The finding of a hazard ratio of 1.41 (95%Cl 1.14-1.73; p<0.001), demonstrated a
significant relationship between ankle bone scan abnormality and lower knee JSW.
Additionally, Xie, Jiang (43) reviewed 96 full-leg radiographic images of participants with end-
stage knee OA to explore the association between knee malalignment and the development
of radiographic ankle OA. Knee malalighment was evaluated by two radiographic measures,
the hip-knee-ankle angle (HKA) and medial proximal tibial angle (MPTA), and the results

indicated a structural association between knee malignment and the development of ankle
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OA with odds ratios of 0.72 (p=0.0009) for the HKA and 1.13 (P=0.0169) for the MPTA. Other
studies have reported the same conclusion, suggesting that the severity of valgus and varus
deformity in the knee joint could have a significant impact on the alignment of the lower limb,

thus changing HKA alignment and affecting the ankle(41-43).

While more research is needed, the evidence available from the above-mentioned studies
suggests that OA may be linked to biomechanics and force distribution during activity, with
the structures of both the ankle and foot playing crucial roles in absorbing and transferring
lower-limb forces. However, these studies share similar limitations such that the
representativeness and generalisability of their findings are limited. The majority used
convenience sampling methods which select participants depending on their availability and
willingness to participate or focused more on participants at the end stages of OA and not
exploring such associations with participants at earlier stages of the disease. Resulting in

limiting the generalisability of the findings to the larger population.

In addition, none of the studies directly considered the morphology of the ankle and its
interrelation with hip and knee OA. Instead, they focused on the use of measurement
methods such as for lower limb alignment and foot posture and structural and functional
classification systems for the lower limb joints. That could be due to the fact that the ankle is
a complex anatomical region composed of several interconnecting bones limiting the ability
of assessing its morphology, such complexity is discussed further in chapter 3. Therefore,
further research is needed to overcome these limitations and explore the structural and
functional association between OA in the hip and knee joint and morphological variations of
the ankle region. New methods capable of simplifying ankle complexity are needed- these

might include 3D-SSM.
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Chapter 3 The ankle joint complex

3.1 Summary
The ankle complex is a vital part of the human body, contributing significantly to mobility,

stability, and load distribution in the lower extremities. The region consists of bones, joints,
muscles, and ligaments that all work together to offer the stability and flexibility required for
everyday activities (26). It is essential to understand the complex anatomy and biomechanics
of a vital weight-bearing joint such as the ankle complex as a key part of the lower kinetic

chain contributing significantly to human locomotion(27).

The four bones that make up the ankle complex are the distal tibia, distal fibula, calcaneus,
and talus. The distal tibia and fibula are two of the lower leg bones. Both bones connect with
the talus which rests on top of the calcaneus. Another important bone is the navicular bone,
which serves as a bridge between the tarsal bones and the bones that form the ankle. All of
these bones connect with each other, formulating several joints. The talonavicular, subtalar,
and tibiotalar joints are the three primary joints in the ankle complex region. These joints are
stabilised by several ligaments which attach to the bones, preventing excessive movement and

injury (26, 165).

This chapter gives a thorough description of the bones, joints, and ligaments of the ankle
complex region. Additionally, the biomechanics of the ankle joints are also explored. Together
this will provide a comprehensive understanding of the ankle’s complex anatomy and
function, highlighting the significant contribution that it provides to the stability and mobility

of the lower limb.

3.2 Anatomy of the ankle complex
3.2.1 Bony anatomy

3.2.1.1 Distal tibia and fibula bones
Two bones—the tibia and fibula—make up the main load-bearing structure of the lower leg.

Of the two, the tibia is the larger bone. The majority of the body’s weight is supported by it,
and it connects two of the most important joints of the lower limb: the knee and ankle joints.
Both the tibia and fibula connect to the ankle via their distal parts. The morphology of the
bone of the distal tibia and fibula plays a crucial role in the formation and function of the main

ankle joint. For instance, the articular surface of the distal tibial bone, which is known as the
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tibial plafond, is concave and wide in the sagittal plane whereas, in the transverse plane, the
surface is slightly convex. Such differences in the surface permit a smooth articulation with
the talus dome and allow the smoother functioning of the main ankle joint. Additionally, the
distal end of the tibia has an inferior projection known as the medial malleolus that articulates

with the talus bone through the medial articular surface (166, 167).

The distal fibula bone is irregular in shape and known as the lateral malleolus. It articulates
with the lateral surface of the talus and is connected to the tibia by the interosseus ligament.
These three structures, the tibial plafond, medial malleolus, and lateral malleolus, form the
ankle mortise and are held in place by strong ligaments making up the ankle syndesmosis (26,

168). Figures 3-1 and 3-2 show anatomical illustrations of both distal bones.
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Figure 3-1. Anterior and posterior views of the distal tibia and fibula bones adapted with permission from (169).
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Figure 3-2. Anterior oblique and posterior views of the distal tibia and fibula bones showing the articulation surfaces adapted
with permission from (169).
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3.2.1.2 Talus bone
The talus bone also plays an important role in weight-bearing and is an essential component

of the foot and ankle’s overall structure and stability. It is located between the distal tibia and
fibula bones of the lower leg and above the calcaneus as shown in figure 3-3 below. The talus
is known to be an irregular bone that has a roughly cubic shape and is the second largest bone
in the ankle complex region. Three main parts form the structure of the talus: the body, neck,

and head (170, 171).

The body of the talus account for the majority of its size, consisting of the talar dome (the
trochlear — the smooth rounded superior surface of the talus), plus the medial, lateral, and
posterior surfaces. The talus body also has three processes, the lateral, medial, and posterior,

which function as the locations where ligaments attach to the bone (172, 173).

The neck of the talus serves as a bridge connecting the head of the talus to the body. The
inferior part of the neck on the posteromedial side forms the narrow tarsal canal. The head of
the talus is found in the anterior part of the bone. It contains three articular surfaces. The
largest of these is the anterior surface which articulates with the navicular bone and forms

the talonavicular joint. The other two are found in the inferior part of the head where the
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anterior facet articulates with the calcaneus and the medial with the sustentaculum tali (170,

173). Figure 3-3 provides a detailed illustration of the anatomy of the talus bone.
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Figure 3-3. Images of the talus bone anatomy. On the left superior and the right inferior view of the talus bone from a right
foot with both bone and articulation features illustrated adapted with permission from (169).

3.2.1.3 Calcaneus bone
The calcaneus bone is also known as the heel bone and is the largest in the ankle complex

region. It is located at the back of the foot and under the talus bone, and functions to support
the weight of the body and absorb shock during walking and other weight-bearing activities.
The calcaneus is also an irregular bone presenting approximately a cuboid shape. It has six
surfaces: posterior, superior, medial, lateral, inferior, and anterior. Each surface has structural

characteristics that help its unique function (171, 174).

The anterior surface of the calcaneus is flat and connects with the midfoot bones via the
cuboid bone. Both the medial and lateral surfaces of the calcaneus are flat, with some bony
projections above the flat surface. For example, the peroneal tubercle on the lateral side gives
attachment to tendons such as the fibularis brevis and muscles such as the longus muscles.

The medial surface has a bony projection from the upper part of the medial side, which is
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known as the sustentaculum tali. That articulates with the medial articulation surface of the

talus head and forms part of the subtalar joint (174, 175).

The posterior surface of the calcaneus is circular with a convex structure, and is divided into
three facets: superior, medial, and inferior. The superior facet is separated from the medial by
the retrocalcaneal bursa. The medial facet is the area where the Achilles tendon connects to
the calcaneus bone. The inferior facet has a rounded surface that bends more inferiorly and
forms the calcaneal tuberosity, which has two processes: medial and lateral. Both add support

to the calcaneus and form an attachment point for the plantar ligament (175, 176).

The superior surface of the calcaneus contains three articulation surfaces: anterior, medial,
and posterior facets. The posterior facet is larger than the anterior, and both surfaces
articulate with the talus to form the subtalar joint. Moreover, there is a deep groove known
as the calcaneal sulcus between the posterior and anterior facets which, combined with the
opposing talar sulcus, shapes the tarsal sinus. The large space forming the tarsal sinus hosts
several ligaments and other neurovascular structures (175, 177). Figure 3-4 shows an

anatomical illustration of the calcaneus bone.
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Figure 3-4. Illlustration of the anatomy of the calcaneus bone. On the left is a medial view and on the right is a superior view
of the calcaneus bone from a right foot; both bone and articulation features are illustrated adapted with permission from
(169).

3.2.1.4 Navicular bone
The navicular bone is wedge-shaped, articulating with five tarsal bones in the foot and forming

the syndesmotic joints. These bones include the talus, cuboid, and three cuneiform bones
located in the midfoot. It performs as a bridge linking the forefoot bones with the ankle. The
navicular has a plantar, medially located apex and a circular base at its dorsolateral end. Also,
it has two ends (medial and lateral) and four sides (anterior, posterior, dorsal, and plantar)

(171, 178, 179).

The navicular bone’s anterior portion resembles the shape of a kidney with three articular
surfaces articulating with the medial, intermediate, and lateral cuneiform bones, converging
at the plantar surface to produce the foot’s transverse tarsal arch. The posterior portion is
concave and surrounded by articular cartilage, connecting to the talus head to form a tri-
planar ball-and-socket joint known as the talonavicular joint. The dorsal and plantar parts

provide attachment for a variety of capsule-ligamentous structures (171, 179, 180).
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The navicular tuberosity is an osseous prominence located on the medial side of the navicular
bone, where the plantar and medial navicular ligaments and the posterior tibial tendon
connect. The lateral end divides into superior and inferior segments, providing articulation to
the cuboid bone and serving as a point of attachment for the medial component of the lateral
calcaneonavicular ligament (179). Figure 3-5 provides an anatomical illustration of the

navicular bone.
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Figure 3-5. Illustration of the anatomy of the navicular bone. On the right is the posterior view showing the articulation surface
with the head of the talus. The left shows the anterior view and the articulation surfaces with the cuneiform bones adapted
from (171).

3.2.2 Anatomy of joints in the ankle complex
There are two major joints in the ankle region: the tibiotalar (talocrural) joint, or ‘true ankle

joint,” which connects the talus bone with both the distal parts of the tibia and fibula bones,
and the subtalar joint, or ‘talocalcaneal joint” which connects the talus and calcaneus bones.
In addition, the area has a third joint frequently known as the talonavicular joint which
connects the navicular bone in the foot to the ankle region. Each joint may have several
articulation surfaces that connect with different parts of the corresponding bone to form
other joints. The anatomy and function of each of the three joints are described in more detail
in the following sections (26, 178).

3.2.2.1 The tibiotalar joint.

The tibiotalar joint, also known as the ankle joint, is a crucial hinge joint connecting the lower
limb with the foot. It is particularly important in weight-bearing and locomotion, because it

allows for dorsiflexion and plantarflexion which involve pointing the foot upward and
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downward respectively, as well as some degree of inversion and eversion which involve

turning the foot inward or outward (29, 181).

The tibiotalar joint consists of three bones, namely the tibia, fibula, and talus, which are
connected by three articulation surfaces. The inside surface of the joint connects the tibia and
the trochlear surface of the talus bone to form the tibial plafond joint. This articulation surface
is the largest articulation in the tibiotalar joint. The medial articulation surface connects the
lower end of the tibia bone, known as the medial malleolus, and the medial trochlear surface
of the talus bone, forming the medial malleolus joint. Similarly, the lateral articulation surfaces
include the lower end of the fibula bone, known as the lateral malleolus, and the lateral
trochlear surface of the talus bone, forming the talofibular joint as seen in figures 3-1 and 3-6

(26, 166, 168).

To provide stability and support to the joint, ligaments play a crucial role in connecting the
bones that form the tibiotalar joint. Ligaments are tough, fibrous bands of connective tissue
that attach bone to bone and help prevent excessive movements that can cause injury. Several
types of ligaments support the tibiotalar joint. The anterior talofibular ligament (ATFL)
connects the anterior portion of the talus bone to the lateral malleolus of the fibula bone and
is one of the most commonly injured ligaments in the ankle, particularly during inversion

injuries where the ankle rolls inward causing the ligament to stretch or tear (182).

3.2.2.2 The subtalar joint
The subtalar joint is also referred to as the talocalcaneal joint and is a synovial joint located in

the ankle between the talus and calcaneus bones. This joint is classified as a plane or gliding
joint, allowing for back-and-forth and side-to-side movements between the two bones. It is
one of the two major joints in the ankle complex and is responsible for approximately 60-70%

of the inversion and eversion movements of the ankle (183, 184).

The subtalar joint is composed of three facets: the posterior, middle, and anterior facets. The
largest of the three is the posterior facet located on the superior side of the calcaneus bone.
It is convex in shape and articulates with the concave-shaped posterior facet of the talus bone
found on the posterior aspect of the talar body. The middle facet is smaller than the posterior

facet and is located on the middle aspect of the calcaneus bone to serve as the articulation
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surface of the sustentaculum tali. It articulates with the medial sustentacular facet found in
the inferior part of the talar head. Lastly, the anterior facet is the smallest of the three facets
and is located on the anterior aspect of the calcaneus bone to articulate with the anterior
facet found on the inferior part of the talar head, as shown in figures 3-4 and 3-6. Such
articulations are supported by several strong ligaments, including the calcaneofibular,
talocalcaneal interosseous, and cervical ligaments. These further stabilise the subtalar joint

and help in preventing excessive bone movement (182, 184, 185).

The primary function of the subtalar joint is to absorb and transmit the forces generated
during weight-bearing activities. Additionally, it serves as a vital link between the ankle and
lower limb, transmitting load from the ankle to the tibia or vice versa. It plays a crucial role in
maintaining the balance and stability of the foot and ankle in response to rapid changes in
direction. Therefore, it must be able to move as required to fulfil these demands while being

stable enough to bear the weight placed on it (183, 184).

The three movements that the subtalar joint can perform are inversion, eversion, and a
combination of abduction and adduction. Inversion refers to the movement of the foot
towards the midline of the body, while eversion is the opposite movement of the foot away
from the midline. Abduction and adduction are also defined as external and internal rotations,
which are movements where the foot is either turned away or towards the midline of the

body respectively (183, 186).

3.2.2.3 The talonavicular joint
The talonavicular joint is a fundamental synovial joint placed in the midfoot region connecting

the talus bone, located in the ankle, to the navicular bone in the midfoot. It is a crucial joint
in the facilitation of weight-bearing and movement in the foot. The joint is classified as a ball-
and-socket joint, with the talus bone’s convex surface fitting into the navicular bone’s concave
surface. Supporting the joint are ligaments, including the plantar calcaneonavicular ligament,
which links the heel bone to the navicular bone, and the talonavicular ligament which joins

the talus bone to the navicular bone (171, 187).

The primary function of the talonavicular joint is to facilitate weight-bearing and movement

in the foot. As a ball-and-socket joint, it enables a wide range of movements, including the
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inversion and eversion of the foot as well as dorsiflexion and plantarflexion. These movements

are essential in maintaining balance and stability during weight-bearing activities (188).
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Figure 3-6. Anatomical locations of the joints forming the ankle complex region. (adapted with permission from (169).

3.3 Biomechanics of the Ankle
The ankle complex region is a highly specialised anatomical part that plays a critical role in

human locomotion. Ankle biomechanics refers to the study of the movement and function of
the ankle complex region. Both kinematics, which deals with motion, and kinetics, which deals
with forces, torques, and power, are important quantitative branches of biomechanics (189).
3.3.1 Ankle complex motion

The ankle joint complex undergoes several movements that occur in different planes. These
include dorsiflexion (bringing the foot upwards towards the tibia), plantarflexion (pointing the
foot downward away from the tibia), inversion (tilting the sole inward towards the midline),
and eversion (tilting the sole of the foot outward away from the midline (26, 190). The
tibiotalar and subtalar joints work together to enable the motion of the ankle complex. Both
the muscles and tendons that surround the joints forming the ankle complex region play

important roles in supporting and controlling such movements (181).
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Body axes and planes are generally used as means to help in describing the complex motion
of the ankle region. The three body planes (sagittal, transverse, and frontal planes) are used
to describe the foot and ankle region (26, 181). The sagittal plane separates the foot and ankle
into left and right sides. Both plantarflexion and dorsiflexion take place in the sagittal plane.
The transverse plane separates the foot and ankle into upper and lower parts. Abduction and
adduction occur in the transverse plane. Finally, the frontal plane separates the foot and ankle
into front and back parts and the motions associated with this plane are inversion and
eversion. Figure 3-7 shows an illustration of these planes and motions of the foot and ankle

(26, 29).
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Figure 3-7. lllustrations of the body planes and axes used to describe the motion of the foot and ankle adapted from (29).
The combination of these movements across the subtalar and tibiotalar joints leads to the
creation of 3D motions known as supination and pronation (184). These terms describe the
orientation of the plantar surface of the foot. During supination, the plantar surface of the

foot faces medially, the calcaneus inverts, the talus abducts and dorsiflexes (190).
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Conversely, during pronation, the plantar surface of the foot faces laterally, the calcaneus
bone everts, the talus bone adducts and plantarflexes. Figure 3-8 illustrates the posterior part

of the right foot during the supination and pronation motions (190).
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Figure 3-8. lllustration of a normal, pronated, and supinated ankle adapted from Shutterstock.com using Standard License
number 382157865).

3.3.2 Range Of Motion
The range of motion (ROM) of the joints forming the ankle complex region refers to the degree

to which the joint can move in different directions (191). The maintenance of normal ROM is

essential for various activities such as walking, running, jumping, and balance control (29).

Dorsiflexion and plantarflexion motions have traditionally been seen as exclusively occurring
at the tibiotalar joint, while inversion-eversion motion has traditionally been regarded as
occurring only at the subtalar joint. The attribution of all of these movements to joints has
recently been disproved, and while the majority of plantar/dorsiflexion is still thought to occur
at the tibiotalar joint, a few degrees of the movement are also now accounted for at the
subtalar joint. Similarly, the subtalar joint is still believed to produce the majority of inversion
and eversion motions, with the tibiotalar joint contributing for some proportion (181). This

shows that the motions created in the ankle complex region are now understood to be
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combined motions, meaning that if one joint moves the other joint will move accordingly to

some extent (29).

The normal ROMs for dorsiflexion and plantarflexion have been reported to range from 10°-
20° and 40°-55° respectively (192). Additionally, for both inversion and eversion, the normal
ROM is 5-10° (193). Several factors affect ankle ROM, leading to variations between
individuals. These factors include sex, age, level of physical activity, and morphological
variations associated with the bones and joints of the ankle (194, 195). Many studies have
reported that women tend to have a greater ankle joint ROM compared to men due to
differences mainly associated with joint anatomy and ligamentous laxity (191, 192, 195, 196).
Also, ankle joint ROM tends to decrease with age due to the natural ageing process, leading

to a loss of joint flexibility and elasticity (192, 195, 197, 198).

Various factors can constrain ankle ROM, including anatomical abnormalities, joint stiffness,
and injuries (199, 200). Impaired ROM in any of the four ankle joint movements can trigger
compensatory mechanisms that can cause abnormal gait patterns (29). These patterns can
adversely affect other lower limb joints, consequently raising the risk of injury (201).
Therefore, it is necessary to address any limitations in ankle joint ROM as early as possible in
order to avoid the potential risks associated with abnormal gait and modified joint mechanics

in the lower limb (202).

3.3.3 Therole of the ankle in the gait cycle
The gait cycle is a term used to describe the sequence of movements that occur during

walking, from the first point at which the foot contacts the ground to the subsequent point at
which the same foot makes contact again. It can also be defined in terms of the time which
elapses during each step. The stance and swing phases are the two main segments of this
cycle. The foot contacts the ground during the stance phase, accounting for 62% of the gait
cycle, and the leg bears the body’s weight. During the swing phase, which accounts for the
remaining 28% of the gait cycle, the foot is off the ground and the leg swings forward in

preparation for the following step (203, 204).

During the stance and swing phases, the ankle, knee, and hip joints move together. For

instance, during the stance phase, the ankle firstly plantarflexes, then dorsiflexes, and finally
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plantarflexes again; likewise, both the knee and hip during this phase flex, extend and then
flex again. In the swing phase, the ankle dorsiflexes, the knee flexes, and the hip flexes to bring
the leg forward. The movements of these three joints are interdependent and work together
to maintain stability, balance, and efficient energy transfer during the gait. Any disruption in

the sequence or timing of these movements can result in gait abnormalities (204, 205).

The ankle joint complex plays a critical role in gait. For instance, during the stance phase, the
ankle joint complex is responsible for absorbing shock and providing stability as the foot
contacts the ground. To do that, the ankle complex region undergoes both pronation and
supination movements. Whereas during the heel strike, the ankle joint complex pronates.
Such a motion allows the foot to adapt to the ground and absorb shock. At the end of the
stance phase, the body moves forward, and the ankle joint complex supinates. As a result of
this motion, the foot becomes more rigid and provides a stable platform for propulsion (29,

181, 206).

The ankle joint complex transfers the force from the ground up the lower leg and into the
knee joint as the foot contacts the ground. For coordinated movement, the mechanical
connection between the ankle joint complex and the knee and hip joints is crucial. Therefore,
disturbance factors such as injury or morphological variations in the ankle complex region may
interrupt the mechanics of movement and the patterns of load transfer between the lower
limb joints. This could increase the load on other joints such as the knee and hip, causing
structural damage to the joints (205-208). Figure 3-9 shows an illustration of the human gait

cycle with joint movements during each phase.
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Figure 3-9. lllustration of the phases of the gait cycle adapted from (208).

3.4 Morphological variations in the ankle complex
Morphology in biology is the study of the shape, structure, and appearance of anatomical

organs and their components (209). This includes an organ's exterior properties such as its
size, shape, colour, and texture. The examination of variations in bone morphology is crucial
because it sheds light on differences in bone patterns and structure among various groups and
how these differences affect clinical conditions including joint problems, bone fractures, and
diseases like osteoporosis and OA (210-212). Also, knowledge of morphological variations in
the bones could help in understanding the biomechanical properties of the skeletal system,

such as variations in gait patterns between different individuals (206, 213).

Variations in the population in bone morphology are thought to be caused by interactions
between genetic and environmental factors (214, 215). Genetic factors determine the
fundamental shape and size of bones, as well as their growth and development (216).
However, environmental factors such as nutrition, physical activity, and hormonal exposure
also play a significant role in bone morphological variations (214, 217). Additionally, accidents,
injuries, and disease can also cause morphological variations in bones. Injuries to bones may
lead to deformities or irregularities in bone structure, while specific diseases or medical

conditions may impair bone development and growth (215).
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The ankle complex bones, including the talus, calcaneus, distal tibia and fibula, are subject to
morphological variations that can impact the normal functioning of the foot and ankle (26).
Understanding these variations is crucial since it can help provide specialised treatment
choices and reveal how different groups are more likely to develop particular diseases(218).
Various methods are used to assess the morphology of the ankle complex, including
observational anatomical measurements and classifications derived from cadaveric
specimens (219). Furthermore, another method uses imaging modalities to explore ankle
morphology (55). Several cadaveric and radiographic studies have aimed to assess the
morphology of bones in the ankle complex region, where more attention was given to both
the talus and calcaneus as they are the biggest ankle bones and have important functional

properties. These studies are reviewed in this section.

Many studies have explored calcaneus morphology and reported several types of variation
concerning its shape and size, which may differ between sexes and age groups and according
to ethnicity. One of these variations concerns the articular surfaces of the subtalar joint.
Gupta, Gupta (220) were among the first researchers to investigate morphological variations
in the calcaneus facets of the subtalar joint. They analysed 401 calcanei from cadavers
representing an Indian population, observing, and classifying the variations in four types. The
main variations were noted in the presence and shape of the medial and anterior facets,
where all calcanei had a clearly defined posterior facet. Type 1, which has one facet that
combines both the medial and anterior facets, was found in 67% of the cases, whereas type 2
which has two separate facets, one anterior and the other medial, was found in 26% of the
cases. Types 3 and 4 were less common, being found in only 5% and 2% of cases, respectively.
Type 3 has only the posterior and medial facets, with no anterior facet present, whereas in

type 4 all three facets are connected continuously.

Since then, many researchers have aimed to describe variations in different populations.
Ukoha, Obazie (221) explored variations in the articular facets from 220 calcanei taken from
dry cadavers in a Nigerian population. Their results showed that type 1 was most common,
representing 59.6% of the cases studied. A similar study was conducted by Uygur, Atamaz

(222) on 221 dry calcanei from cadavers representing a Turkish population. They reported five
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types of calcanei depending on the morphology of the articular surface, with type 2 being the
most common representing 58% where the anterior and medial facets were connected. Most
recently, Badalahu, Qin (223) used 3D reconstructed CT images to assess the types of
calcaneus articular surface in 328 participants representing a Chinese population. They found
variations in the surfaces which allowed the calcaneus to be classified into 5 types, with type

1 (where the anterior and medial facets are connected, as shown in figure 3-10) being the

most common representing 49% of the cases.

Typel Typell Typelll TypelV TypeV

Figure 3-10. The five types of calcaneus bones with differences in the morphology of the articular surfaces forming the subtalar
joint adapted from (224).

As well as morphological variations in the calcaneus articular surfaces, other variations
regarding the size of the calcaneus have been reported. A study conducted by Kim, Lim (225)
evaluated the normal measurements of the calcaneus bone obtained from 42 Korean
cadavers, focussing on the bone’s length, width, and height as well as Bohler's and Gissane’s
angles, which are common angular measurements used to assess the degree of calcaneus
fracture (see figure 3-8 below). Their results showed that the mean (+ SD) length was

74+3.0mm and the width 43+4.0mm, while the mean height was 42.5£3.0mm. The mean
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angles for Gissane’s and Bohler’s angles were 114.4°+8.2° and 32.3°+5.0° respectively.
Furthermore, Amuti, Muuthuri (226) reported measurements of 64 calcanei from cadavers
representing the adult Kenyan population. Both left and right calcaneus measurements were
assessed but not the angles. They reported no statistical differences in measurements
between the two sides. Their results showed that the mean + SD measurements for the right
calcaneus were length 69+10mm, height 36:6mm, and width 49+8.19mm. From a Turkish
population, ilhan, TETIKER (227) used 65 cadaveric calcanei to assess predefined
measurements similar to the ones reported in the previous studies. They reported the
measurements of the right calcaneus where the means + SDs were length 76+5.7mm, width

43+3.7mm, height 44+4.7mm and Bohler's angle 30°+5.2°.
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Figure 3-11. lllustration of the lines used to determine B6hler's and Gissane's angles. On the left is Béhler's angle formed by
the connection of a line inserted from the top of the calcaneus anterior process to the tip of the posterior articular surface and

a line from the tip of the superior tuberosity until it connects with the other line, with normal values ranging from (20-40°).
On the right is the Gissane angle formed by the connection of a line from the tarsal sinus to the top of the anterior process
and another from the top of the posterior facet to the tarsal sinus, the normal range of which varies from 120-145 ° (adapted
from (228).

Other methods used to measure the morphological variations related to the size of the
calcaneus include diagnostic imaging data from living participants. Several studies have
explored sex-related morphological variations using radiographic measurements of the
calcaneus (229-231). For instance, in the study by Uzuner, Geneci (231), lateral radiographic
images of the ankle from 143 patients who had been referred to the radiology department

(77 females and 66 males) and were felt to have a ‘normal’ calcaneus were used to quantify

morphological measurements and to explore variations between sexes. Participants were also
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categorised in subgroups depending on age. Significant differences between sexes in each age
group were noted in all measurements. For example, in participants born between 1971-1985,
the mean + SD length and width of the calcaneus for males were 88+t6mm and 49+4mm, and
for females 75.5t7mm and 41+5mm, respectively. The authors concluded that significant
differences in the calcaneus morphological measurements exist between sexes and that the

calcaneus bone may play an important role in the determination of sex.

Other studies used CT post-processing techniques to reconstruct 3D objects of the calcaneus
so as to quantify the morphological measurements. To overcome limitations associated with
2D radiography, a study by Qiang, Chen (232) used 179 normal CT images of the ankle (96
females and 83 males). The 3D surfaces were then used to quantify morphological
measurements such as length, the height of the posterior facet of the calcaneus and Gissane’s
and Bohler’s angles which were then used to explore morphological variations by sex in the
population studied. The results showed that all measurements had excellent
reproducibility and reliability, with significant differences found between the sexes (p < 0.01).
The measurements were larger in males compared to females after adjustment for height.
The main length and height of the posterior facet and Gissane’s and Bohler’s angles for males
(mean + SD) were 80.0+3.4mm, 28.6 £+ 2.9mm, 128°+6.4°and 40°+2.6° respectively. The
corresponding findings for females were 69.2+1.9mm, 22.4+1.8mm, 123.5°t5.4°nd

30.7°£3.2° respectively.

The talus bone also exhibits various morphological variations in shape and size, including
those related to the articulation facets forming the subtalar joint, similar to the calcaneus.
These variations have been observed among individuals of the same ethnic background as
well as among those of different ethnicities. Garg, Babuta (233) conducted a study that aimed
to classify the morphological variations of the talus articular facets based on 300 dry adult
talus bones obtained from Indian cadavers. They identified five types of talus bone based on
the presence and shape of the facets where type 2 was the most common type noted in 43.7%
of the cases. All types contained a posterior facet, but the main variation was associated with
the number and shape of both the anterior and medial facets on the talar head. Specifically,

Type 1 exhibited a single connected facet on the head of the talus, Type 2 contained a single
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facet divided by a ridge, Type 3 had two facets (anterior and medial) on the talar head, Type
4 featured two facets divided by a groove, and Type 5 contained a single facet that connected

all three facets, as shown in figure 3-9 below.

TYPE 1 TYPE 2 TYPE 3

GROOVE

Figure 3-12. Morphological variations in talus bones showing photographic images of five types of talus classified according
to the inferior articulation surfaces taken from bones of cadavers (adapted from (233)

Similarly, Lee, Jung (234) explored morphological variations in the talus articular facets on 76
tali obtained from cadavers representing a Korean population. The talus bone was classified
as in a similar way as in the previous study. However, only 4 types were noted in the Korean
population, and type 5 which shows all three facets to be connected was not observed. The
most common type was type 2, representing 32% of cases. Furthermore, in a Thai Population,
Phunchago, Uabundit (235) also explored the variations in articular facets from 367 tali
obtained from cadavers. The study classified the talus into 5 types similar to those shown in
figure 3-9. The most common was found to be type 2, representing 34.7% of cases.
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In addition to variations associated with the articular facets of the subtalar joint as presented
in the above studies, other morphological variations associated with bone size have been
reported. Using 84 tali from Indian cadavers, Namburu, Kaavya (236) assessed the length,
width and height of the talus bone using a digital calliper. The results for the right talus showed
the mean + SD length to be 5.4 + 0.2cm, width 3.8 + 0.3cm and height 2.5+ 0.2cm. No sex-
related variations were reported since the bones were from cadavers of unknown sex. In a
recent study, similar measurements were quantified from 100 tali obtained from cadavers in
a Bengal population (237). The mean * SD length of the talus was reported as 53+3.7mm, the
height 31+4.1mm and the width 38.6t3mm. Also, Kasar, Fazliogullari (238) explored the
morphological measurements of 50 talus bones from Turkish cadavers of unknown sex and
age. They reported mean % SD talus length to be 55.5+4.4mm, height 31.7+3.3mm, and width
41.5+3.6mm.

Other studies have used imaging data from healthy adults to explore morphological variations
in talus size. For example, Siegler, Toy (239) used CT scans from 26 healthy adults with an age
range between 18-35 years. The CT images were then processed to present a 3D surface
rendering of each talus bone. This surface was then used to quantify various morphological
dimensions. The results showed the length from the anterior to the posterior part of the talus
(mean £ SD) to be 65.1+6.6mm, medial to lateral width 48.4+7.2mm, and height 41.74+5.7mm.
The width of the talus dome was also investigated, which was on average 24.8+2.8m. A
method then proposed for the evaluation of the 3D morphological features of the talus bone
using CT images. According to the authors, such methods could help in improving the designs

of the components used in ankle replacement surgery.

More recently Han, Liu (240) applied a method similar to that of Siegler, Toy (239) to
reconstruct 3D surfaces from CT images of 150 healthy Chinese adults, quantifying
morphological variations in talus bone size and assessing differences between sexes. The
results revealed significant differences between males and females in the length, height, and
width of the talus, as well as in measurements of talar dome width. However, no adjustments
were made for body anthropometry, and therefore it was not possible to determine whether

or not the differences between sexes were due to variations in body size. Additionally, side-
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to-side differences in morphological measurements were explored, but no significant

differences were found.

In general, the studies reviewed in this section reveal considerable morphological variations
in the ankle complex region, particularly in the talus and calcaneus bones. Such variations are
noted in studies of samples from the same ethnic background as well as among those of
different ethnicities. Also, variations associated with age and sex are noted, indicating that
morphological variation in the ankle complex region may vary depending on many factors.
These variations in the shape and size of these bones may have implications for the stability
and function of the ankle joint. Also, they may have an effect on other joints within the lower
limb such as the hip and knee joints. In the studies reviewed, variations in the methods and
samples used were noted. While some studies used cadaveric specimens to investigate
morphological variation, others employed radiography and CT imaging data derived from

living participants.

Each method has its advantages and disadvantages. Cadaveric studies provide a more realistic
representation of bone morphology and allow for direct manipulation and measurements.
However, sample sizes are usually limited, and the specimens may not accurately represent a
general population. Imaging studies, on the other hand, may have larger sample size and less
invasive data collection methods. However, they may be limited to convenience sampling and
suffer from inaccurate representations of the true morphology of the bones. For example,
although radiography is widely used as the preferred method for the diagnosis of foot and
ankle pathologies, there are limitations associated with its accuracy and reliability when
measuring the morphological features of 3D objects such as the bones of the ankle complex
region (47, 241, 242). These limitations include radiographic distortion which can expand or
compress the imaged object, potentially resulting in inaccurate measurements (243). In
addition, the overlapping of bones in the ankle region can obscure the true structure of the
imaged object, such as with the talus bone, leading to further measurement error (244).
Finally, variations in patient positioning during imaging can also have an impact on the

appearance of the object and, therefore, the accuracy of the measurements obtained (48).
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The use of 3D CT images instead of 2D radiography can be better for the evaluation of the
shape of 3D structures like bones in the ankle region. This is because 3D-reconstructed CT
images may overcome some of the limitations of 2D radiography, resulting in more reliable
morphological measurements. However, the main limitation of the use of CT is associated with
the radiation doses participants are exposed to(49). This can limit the possibility of studying a
sample representing a true population and promotes convenience sampling methods such as
searching a hospital database to extract CT images from previously requested scans to include
in a study. These sampling methods are used in the aforementioned studies and have many
limitations that can hinder the generalisability of the results to a larger population. Also, the
use of widely available 3D image rendering techniques to represent the 3D surface of a bone
may lack the ability to capture the true shape of the studied 3D object. Recent advances in
machine learning and medical imaging processing have improved methods to explore
morphological bone variations using a more robust method known as statistical shape
modelling. In the next chapter, the use of this method to analyse musculoskeletal medical

imaging and its utility for morphological assessment are discussed further.
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Chapter 4 The Role of Imaging in OA

4.1 Summary
In this chapter, the role of medical imaging modalities in association with OA is reviewed, with

a particular focus on the imaging modalities that was used as sources of data in this thesis: x-
rays and MRI. The historical context of radiography, protocols of joint imaging, the
radiographic features of OA alongside, the advantages and disadvantages of x-rays were
described. It was revealed that conventional radiography remains the widely accepted gold
standard for the diagnosis and grading of OA, with radiographic features playing a crucial role
that helps to confirm and assess the severity of OA. The reliability of conventional radiography
has been demonstrated in both clinical practice and research studies. Therefore, in this thesis,
conventional radiography is used to classify OA severity in the knee and hip joints, based on

its reliability, accuracy, and widespread.

Likewise, the role of MRI in OA is explored, with details provided of the methods of analysis
applied and its benefit and limitations. MRI has the advantage of providing assessments and
visualisations of all anatomical and morphological aspects of a joint in 3D without the use of
ionising radiation. Also, it allows the application of novel machine learning techniques such as
SSM that can quantitatively and rapidly assess the morphological features of joints in a
population in a reliable manner. Furthermore, the application of SSM was explored in reviews
of studies that have used the method in relation to the knee and ankle joints, revealing its
potential advantages in knee OA research. Additionally, it was highlighted that the exploration
of morphological aspects of the anatomically complex ankle joint using SSM is an area of
research with limited published studies so far but showing promising results and good
reliability. Thus, the use of SSM in this study is justified since it aims to investigate ankle
morphology in the NTFS population while overcoming the limitations identified in previous
published studies. This research also represents a novel approach which could be used to
assess the interrelation between morphological variations in the ankle complex region and OA

in the knee and hip joints.
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4.2 Radiography
4.2.1 The history of radiography
Although radiographs are colloquially referred to as ‘x-rays,” the noun radiography more

properly applies to the ionising radiation itself that enables the visualization of the internal
structure of the human body. To create an image, a machine emits a beam of ionising radiation
towards a specific part of the patient’s body. The radiation is then absorbed at different levels
depending on the structure and density of the part examined. As the radiation passes through
the patient’s body, it is captured by a specific detection instrument or film located behind the

patient’s body (245).

On the 8th of November 1895, the first Nobel prize winner in Physics, Professor Conrad
Wilhelm Rontgen (Figure 4-1) discovered the x-ray (246), and he called this novel
phenomenon ‘X radiation’. A key technology that facilitated the discovery was introduced in
1858 when the cathode ray tube was invented by Julius Pliicker, a German mathematician
(246). The cathode ray tube was also one of the main tools that led to the discovery of
electrons. Nonetheless, it is currently a vital part of x-ray tubes and, without it, x-rays could

not be produced (247).

Figure 4-1. Professor Conrad Wilhelm Réntgen adapted from (248).
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Many experiments using cathode ray tubes were conducted by physicists throughout the
nineteenth century. For instance, Philipp Lenard and his teacher, Heinrich Hertz, were among
the physicists that devoted their efforts to exploring the cathode ray tube (249). In 1894, Hertz
instructed Lender to insert thin metal windows into the discharge tube which is a part of the
cathode tube. They noticed that some types of rays escaped the tube and caused fluorescence
over a distance of 2cm. Based on their findings, they concluded that these rays were indeed

cathode rays (249).

However, Lender’s experiment led Rontgen to question the type of rays that were produced.
His theory relied on his suspicion that such rays were not cathode rays, and therefore he
investigated them further (250). The first main experiment that Rontgen conducted involved
the hermetic sealing of a cathode tube by using black cardboard covers. Following that, he
connected a large induction coil to the sealed tube and then closed all the curtains in the room
to make it dark and started to pass an electric current through the tube (251). During that
process, it was by sheer luck that there was a small platinum-cyanide screen located
approximately one metre away from the tube, and this lit up in a very strange way while the

whole room was dark, as reported by Rontgen himself (251).

Moreover, he realized that some objects were lying in front of the tube but did not disrupt the
path of the rays. He repeated the experiment and placed other objects in front of the tube
and the rays penetrated them too (251). That was when he realised that the rays that were
first produced by Lender were not cathode rays, since those rays were known to be unable to
penetrate thick tubes (251). Also, the distance involved was much greater than the known
distance travelled by cathode rays (251). At that moment in the afternoon of the 8th of
November 1895, he became convinced that the rays were unique in their characteristics and
did not correspond in any way to existing Cathode rays (250). He, therefore, devoted his time
to investigating the phenomenon aiming to gain convincing clarification that would allow him

to present his discovery (250).

However, that caused him to spend much more time in his laboratory which was located in
the basement of his house (Figure 4-2). His absence was noticed by his wife Bertha Réntgen.
She realized that he was distracted and busy all the time. (249). She asked him about the
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reason for this. Rontgen then took her to his lab and revealed his discovery to her. Bertha
Rontgen is reportedly the first person to whom this phenomenon was explained (249). She
was then the first person to have her hand exposed to such rays when Rontgen conducted his
first-ever experiment on a human body. (246). The aim was to see if the rays could penetrate
the human body, since they had passed through several other objects earlier. He exposed his
wife’s hand to the rays for approximately 20 minutes and thus obtained the first x-ray image

of a human body part (246).

Figure 4-2. Professor Conrad Wilhelm Réntgen’s laboratory adapted from (248).

After seeing the image of her hand, Bertha Rontgen stated that “/ have seen my death,” which
was a well-known popular reaction to such an amazing feeling (see Figure 4-3) (252). This
information was reported in Bertha Rontgen’s letter dated March 1896 to Mrs L. R. Grauel,
who was Prof. Rontgen’s cousin, which confirmed many theories and also the date of this first
discovery. This letter was later preserved in the Museum of the American Journal of

Roentgenology (252).
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Figure 4-3. Bertha Réntgen and the first x-ray image of her hand adapted from (248).

Six weeks after his first experiment on his wife and before presenting his work to other
scholars, Rontgen wanted to give the rays a name, and he chose to call them X-rays. The letter
Xin science is typically used to represent something unknown, and he did not know what type
of rays were they; hence, the designation X-rays (246). Only six weeks after his discovery,
Rontgen submitted his first preliminary report on ‘A New Kind of Rays’ in December 1895 to
the administration of the Wurzburg Physical-Medical Society (251). Soon after the publication,
the news travelled fast. Many newspapers and journals reported the discovery, not least due
to the fact that Rontgen presented a radiograph of his wife’s hand in his report (249). Such a
remarkable picture was the reason for the widespread news of the discovery emanating from
a small [aboratory in a little-known town in Germany. His lecture attracted the attention of the
media and the press. Rontgen became famous overnight. He was reported to have been
invited to several formal occasions to take pictures of the hands of important personalities

(249).
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4.2.2 Medical use and development
John Mclntyre is known to be the first to investigate the application of x-rays in a medical

context (253) and he had published more than 18 articles by the end of 1896. Many of his
experiments took place in his laboratory in Glasgow. In July 1896, he demonstrated the ability
of x-rays to detect kidney stones (253). This is known to be the first use of x-rays for diagnostic
purposes. MclIntyre highlighted the importance of such rays in diagnostic medical procedures
by saying that "So long as individuals of the human race continue to professionally inject
bullets into one another, it is well to be provided with easy means for inspecting the position
of the injected lead, and to that extent aiding the skilled operators whose business and joy it
is to extract it" (253). Just three months after the discovery of x-rays, Mcintyre asked for
permission from the President of the Glasgow Royal Infirmary to open an x-ray laboratory in
the basement of the hospital (253). In March 1896, permission was granted, and the
department was established. It is recognised as the first-ever Radiology Department to

provide radiological diagnostic services for patients (253).

At that time, people were fascinated by such a technology that brought countless knowledge
to mankind and helped in ascertaining the human anatomy as well as improving surgery and
the diagnosis of diseases using radiology that were until then unknown(254). However, the
potential harmfulness of such rays was not investigated properly, although that was
understandable since nothing suggested that such rays could be hazardous. At that time,
conducting an x-ray of a hand would take around 11 minutes, during which time the skin was
exposed to a huge amount of radiation which was approximately 50 times more than the dose

of an exposure nowadays(254).

Many scientists and physicists who worked closely with x-rays at that time reported burns and
hair loss, but they could not directly link it to the x-rays (255). On the other hand, some
prominent physicists strongly denied that such effects were caused by x-rays. They proposed
that x-rays were comparable to light, but unseen, unfelt, and undetectable (255). Such a
phenomenon, according to so-called common sense, should not cause any harm. However, in
February 1896, a child who had been shot in the head was taken to Professor John Daniel’s

laboratory. The aim was to perform a skull x-ray to locate the bullet, and such a procedure had
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not previously been performed (255). So, Prof. Daniel volunteered in an experiment to have
his skull imaged before examining the child’s skull using an x-ray, and the procedure took
almost one hour. Two weeks after that experiment, Prof Daniel reported hair loss and burns
in the same area of the skull that was exposed to radiation (255). This event was the first-ever
reported event that directly linked the cause of burns and hair loss to x-rays. This was because
the affected area was reported to be 5 cm in diameter, which was the same area that was

exposed to the radiation (252).

This represented a warning of the potential threat caused by radiation. However, no action
was taken until 1915 when the British Roentgen Society introduced recommendations that
aimed to protect a person from radiation (256). In 1920, film badges were used by radiation
workers to personally monitor their radiation exposure. Also, many scientists focused on
developing x-ray machines that decreased the duration of exposure to doses of radiation
(256). The development of x-ray machines since has resulted in the minimisation of the time
needed to accomplish an x-ray of a hand from 11 minutes down to a couple of seconds. This
reduction in the amount of exposure to radiation made the use of such a technology safer for

patients (256).

The understanding of the possible hazards linked to radiation exposure grew along with the
use of radiography(257). It has been increasingly evident over time that exposure to high
radiation levels can have negative effects on health, including a higher risk of developing
cancer and other disorders(258, 259). As a result, more sophisticated radiation detection and
protection technology has been developed, and strict norms and regulations have been put

in place for the use of radiography in medical settings(260).
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4.2.3 Radiography and OA
Over the last century there has been significant evolution in the monitoring and diagnosis of

osteoarthritic joints through the use of radiography (11). Although new imaging techniques
employing various modalities are rapidly developing, the use of radiography remains the gold
standard for the evaluation and diagnosis of OA in joints (261, 262). This is due to several
factors such as its reliability and validity, wide availability, ease of use, and being the least

expensive of all contemporary diagnostic imaging modalities (245, 261, 262).

4.2.3.1 Imaging of the knee
The protocols for the radiographic imaging of the knee have been extensively researched so

as to identify the most reliable protocols for use in both research and clinical evaluation (261,
263-265). Regarding clinical assessment, the most effective protocol involves taking
anteroposterior (AP) and lateral views of an upright weight-bearing leg with the knee in a

position of full extension (266).

However, this protocol is not advised for application for research purposes such as in
longitudinal studies that aim to assess disease progression (261). This is due to reported
variabilities in the images associated with anatomical variations such as in the degree of knee
extension or rotation (267). Also, there may be variation associated with the alignment of the
x-ray beam with the imaged object and the distance between the knee and the image receptor
as well as between the knee and the x-ray beam itself, which could cause radiographic
magnification (263). Such variations can result in unreliable assessments and comparisons of
OA radiographic features between study participants or between images of the same

participant taken over time (267).

To address this issue, many standardised radiographic protocols have been introduced that
focus on imaging the knee in a semi-flexed position rather than at full extension (261). These
include, but are not limited to, the metatarsophalangeal (MTP) protocol proposed by
Buckland-Wright, Wolfe (268) which depends on the flexion of the knees by 7° as shown in
figure 4-4, and the fixed-flexion protocol developed by Hunter, Zhang (269) which depends on
the external rotation of the foot by 10° and the tilting of the x-ray source also by 10°, as seen

in figure 4-5. The utilisation of such standardised radiographic protocols when imaging the
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knee joint for research purposes has the advantage of minimising the variability between
images associated with anatomical positioning, alignment, and radiographic magnification,
resulting in the production of comparable images which lead to more reliable measurements

(261, 270, 271).

Standing MTP
Extended View
(A-P) View

A

Figure 4-4. Diagram showing the differences in the positioning of the knee joint using different protocols: A) using the
standard AP extended view; B) the posteroanterior MTP view adapted from (265).
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Figure 4-5. Diagram showing differences in the positioning of the knee joint using the extended and fixed-flexion protocols:
A) standard PA extended view; B) fixed-flexion PA view with the x-ray tube tilted by 10° adapted from (264).

4.2.3.2 Imaging of the hip
Using radiography in the assessment of hip OA is inexpensive, widely accessible, and simple

to obtain, and its interpretation is less challenging than that of other cross-sectional imaging
modalities (262, 272). However, owing to its nature as a projection method, the limitations
associated with radiography such as positional variability or overlapping of the surrounding

anatomical structures may mean that hip joint abnormalities remain undetected (273, 274).

Moreover, morphological distortion and radiographic magnification might interfere with
guantitative measurements such as the assessment of JSW (274). Therefore, the use of
specific protocols for image acquisition for both clinical and research purposes, that are
designed to minimise the previously stated limitation will result in ensuring the reliability of

methods used to assess the hip OA radiographic features (272, 274).

The Osteoarthritis Research Society International (OARSI) has published an expert opinion to
provide recommendations regarding the protocol for hip imaging (275), which involves taking
two views: the first an AP pelvic view, where the hip must be internally rotated; and the second

is a cross-table lateral pelvic view where the hip should be flexed and externally rotated. In
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both views, the markers of the calcar femoris, larger and lesser trochanters, and other bones

should be visible (275).

Furthermore, in both views, the OARSI recommended that the excessive external and internal
rotation of the hip should be avoided. Additionally, the use of digital detection systems with
minimal dosage exposure and a focus-to-film distance of nearly 100 cm should be applied in
the protocol. Concerning the position of the patient, both standing weight-bearing and supine
radiographs can offer precise measurements of JSW, while standing radiographs may provide

a more accurate calculation of cartilage thickness (275).

However, imaging in a supine position is preferred in obese patients, because imaging them
in a standing position might introduce hindrance to the visualisation of the hip joint due to a
pannus stomach (274). However, in research settings it is important that consistency should
be maintained by using the same positioning technique for all participants so as to avoid
variability in measurements when the subject shifts from one position to another (274).
Applying such protocols and recommendations will result in good-quality images that will

allow the precise classification of the disease and measurement of JSW (275).

The use of pelvic images obtained from DXA scans in research settings to assess and grade hip
OA has also been considered. For example, Yoshida et al (276) aimed to grade hip OA using
DXA images and to compare these with radiographs of the same participants. The results
showed that DXA images showed similar scores for inter-observer repeatability when
compared to images obtained from conventional radiography. Additionally, studies by Birrell,
Ottewell (277) and Yoshida, Barr (278) established that the assessment of hip OA using DXA
images is a valid method that produces reliable results. Also, it may be argued that the use of
such a modality is more ethically acceptable in research that aims to assess both OA and
osteoporosis owing to, lower exposure to radiation among participants since a single image

allows the grading of hip OA and assessment of BMD.
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4.2.3.3 Imaging of the ankle
As mentioned in chapter 2, ankle OA has the lowest prevalence when compared to that for

other joints and is relatively uncommon (279). Therefore, the manner of acquisition of
radiographic images of the ankle complex region is similar for all suspected ankle pathologies
(244). In clinical practice, the common protocol for ankle radiography includes three views:

AP, lateral and mortise views (280).

The AP view is taken with the patient in a standing weight-bearing position or while supine
with the legs fully extended. To achieve the ideal positioning, the leg is rotated until the foot’s
long axis is vertical and the foot is dorsiflexed until the plantar surface is parallel to the image
receptor (281). When obtaining the AP projection X-ray, the patient is positioned either in a
supine or seated position, and the foot is lifted upward until the sole is at a right angle to the
image receptor. Additionally, the limb is rotated to align the foot’s long axis with a vertical
position. A cushion or other object is used to keep the foot in a dorsiflexed position for optimal
immobilisation, and the application of these method is useful in order to obtain a clear image

of the ankle for diagnostic purposes (282).

To quantitively assess the JSW of the main ankle joint, the mortise view is necessary since it
allows a clear identification of this joint (283). The AP mortise view is taken using positioning
methods similar to those used for the standard AP view mentioned above with minor
modifications (281). In the AP mortice view, the entire lower limb is rotated internally so that
the line of the inter-malleolar is perpendicular to the image receptor. The recommended
degree of internal rotation necessary to achieve this view varies from author to author and
from person to person (282, 284). As a result, the achievement of the correct positioning
should rely on palpation techniques and anatomical presentation. The distal tibia, fibula, and
talus, as well as the overlaying soft tissues, should be included in both the AP and AP mortise

radiographs, as seen in figure 4-6 (282).
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Figure 4-6. X-ray images of the ankle using different acquisition methods. On the left is an AP view and on the right a
mortise view adapted from (285).

For the lateral ankle view, the supine position and standing upright are both acceptable. To
achieve such a projection, the following are required: the external rotation of the foot until
the medial and lateral malleoli overlap and are parallel to the image receptor, while the foot
maintains a position of dorsiflexion. The lateral view should include the talus, the distal parts
of the tibia and fibula, the navicular, the calcaneus and the base of the fifth metatarsal as well

as the surrounding soft tissues, as seen in figure 4-7 (281, 282).
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Figure 4-7. Lateral x-ray image of the ankle adapted from (285).

4.2.4 OA radiographic features
OA, as with many other diseases, has radiographic features the presence of which lead to a

clearer diagnosis and can also help to determine the severity of the disease. These
radiographic features are narrowing of the joint space width (JSW), subchondral sclerosis, and

osteophytes, and subchondral cysts (286).

The JSW is defined as the space between the two subchondral bones in each joint (65). In a
normal joint, this space consists of hyaline cartilage covering the ends of the two bones. When
the cartilage in this space degrades, the joint space will become narrower in direct relation to
the amount of cartilage lost from each of the two opposing surfaces (65). The quantitative
assessment of JSW plays an important role in OA assessment both clinically and in research
settings (261). For instance, narrowing of the JSW is known to be one of the key indicators of
the structural progression of OA (274). Also, joint replacement surgery is indicated when JSW

is lost (287).
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However, the direct visualisation of cartilage is not possible using radiography because, as an
x-ray beam travels through the body, tissues absorb it to different degrees depending upon
their density and structure (288). More of the x-rays are absorbed by bones compared to soft
tissues like cartilage because bones are denser and contain calcium (288). Cartilage has a far
lower density than bone and absorbs x-rays to a far lower extent, appearing on a radiograph

merely as an unclear shadow which is difficult to visualise (272).

However, the joint space narrowing (JSN) can be estimated indirectly by focusing on the
distance between the bones, as long as positioning is consistent and efforts are made to
exclude other tissues being interposed, as seen in figure 4-8 (286). A systematic review
conducted by Reichmann, Maillefert (289) included 56 papers that assessed both the
responsiveness to change and the reliability of radiographic JSW. The authors concluded that
JSW guantified from radiographic images for participants with OA shows good reliability and

moderate responsiveness.

Figure 4-8. Knee x-ray images showing the difference between normal and narrowed JSW: A) radiograph for a knee joint with
a normal joint space width; B) radiograph for a knee joint with clear joint space narrowing adapted from(286); permission to
use available via Elsevier License: #4665930277892).
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The appearance of osteophytes is another radiographic feature of OA (286). Osteophytes, also
known as bone spurs, are defined as spurs that appear on bones, which usually grow from
precursor cells in the periosteum in a joint that has started to lose cartilage, as seen in figure
4-9 (65). Osteophytes develop slowly and are linked with OA. They are a sign used to
discriminate between OA and other forms of arthritis (65). Furthermore, they can appear in

any joint with varying severity and can be used as a staging indicator (286).

Figure 4-9. X-ray images presenting the difference between a normal knee and one with the appearance of osteophytes: A)
radiograph of a normal knee with no osteophytes; D) radiograph of a knee with the appearance of osteophytes in the medial
femoral (highlighted by an arrow) adapted from (286); permission to use available via ELSEVIER LICENSE: #4665930277892).
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Another key radiographic feature of OA is the development of subchondral sclerosis (286).
This appears in the form of areas of increased density in the subchondral bone (65); see the
white lines in Figure 4-10). It reflects new bone formation in the affected joint and is a sign of

the progression of OA (65).

Figure 4-10. Differences between a normal knee x-ray and the appearance of subchondral sclerosis: A) radiograph of a normal
knee with no subchondral sclerosis; C) radiograph of knee with the appearance of subchondral sclerosis in the medial tribal
(highlighted by an arrow) (adapted from (286); permission to use available via Elsevier License: #466593027789).

4.2.4.1 Radiographic grading systems
The most widely used grading system for OA using radiographic features is the Kellgren and

Lawrence (K&L) system (12, 274). This semi-quantitative assessment scale was designed in
1957 and chiefly rests on the presence of the radiographic features mentioned previously to
grade the severity of OA in an affected joint. It employs a scale from 0, which is normal, to 4
which is severe as shown in table 4-1 and figure 4-11 (13). It is mainly applied in order to
determine the severity of knee OA and can also be used to grade OA in other joints such as
the hip and ankle joint. However, it is not as commonly accepted or validated for those joints
asitis for the knee (290). Moreover, other grading schemes could be preferable in determining

the extent of OA in other joints, as discussed below.
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Table 4-1. Illustration of the features of the Kellgren-Lawrence grading system for OA adapted from (13)

Grade Radiographic features

i} Normal: no radiological findings of osteoarthritis

I Doubtful: narrowing of joint space and possible osteophytes lipping

il Definite: osteophytes and possible narrowing of joint space

1} Moderate: multiple osteophytes, definite narrowing of joint space, small pseudocystic

areas with sclerotic walls and possible deformity of bone contour

v Severe: large osteophytes, marked narrowing of joint space, severe sclerosis, and
definite deformity of bone contour

Kellgren and Lawrence (KL) Grading System

Grade 0 Grade 1 Grade 2 Grade 3 Grade 4
Mo radiagraphic Possible ostenphytic lipping Definite osteo phytes Multiple osteaphytes Large asteaphytes

features of 04 Doubiful joént space narrowing [I5N)  Possible I5M Definite 5N Marked 5N
Scberosis Severe sclerosis

Figure 4-11. Radiographic images of the knee representing the different OA grades in the K&L system adapted from (291).

Another widely used grading system is the OARSI atlas criteria established by the
Osteoarthritis Research Society International (286), which uses a semi-quantitative approach
by grading the individual radiographic features present in each of the joints in the medial and
lateral parts. It focuses on the presence of osteophytes and JSN by grading their presences
from 0-3, where 0 is normal and 3 severe. The cut-off in this system is reached if the patient
satisfies any of the following three criteria in each joint investigated: 1) JSN grade >2; 2) the
sum of osteophyte grades 22; and 3) grade 1 JSN in combination with grade 1 osteophyte

(286).
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For hip OA the K&L grading system is generally used; however, a modification of that system
was introduced by Croft, Cooper (14). Croft’s grading system classifies the condition in six
grades based on radiographic features, with each grade indicating different levels of severity

as presented in table 4-2 below (274).

Table 4-2. Features of Croft’s system for grading hip OA adapted from (14).

Grade Radiographic features

0 Normal

1 Osteophytes noted

2 Joint space narrowing (J5N) noted

3 Two radiographic features present together: 1) osteophytes; 2) I1SN; 3) bone sclerosis; 4)
cyst

4 Three radiographic features present together: 1} osteophytes; 2) JSN; 3) bone sclerosis; 4)
cyst

5 Grade 4 plus femoral head deformity

Even though a number of grading systems have been developed recently and are in use, the
K&L grading system remains the one most widely used (261). The K&L classification has been
regularly used as a main research method in OA epidemiological studies (292). A generally
accepted threshold in defining a participant as having OA is to have an overall K&L grade >2.
This grading system and threshold have been applied in key OA-related research that has had
a significant impact on the understanding of the disease (12); for instance, in work undertaken
to assess the prevalence of OA by Felson, Naimark (293) using data from the Framingham
study, and also in a similar study conducted by Bagge, Bjelle (294) on two European
populations. In addition, SCOTT JR, Lethbridge-Cejku (295) used the K&L grading system in

producing atlases of the radiographic characteristics of OA.

The interobserver reliability of the K&L system has been evaluated alongside that of other
classification systems by Wright, Ross (296). The study included knee radiographs of 632
participants in a Multicentre Revision Study. Three blinded observers graded the images

independently of each other using different classification systems. The results showed that
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the K&L system was the most popular method used and had moderate to very good

interobserver reliability, with an intraclass correlation coefficient (ICC) ranging from 0.51-0.89.

Therefore, this system was chosen by the WHO to be the reference standard used in
epidemiological studies that focus on OA (245). However, many researchers claim that, as with
any other radiographic classification system, it may have limitations (297). A prominent
example mentioned in the initial publication by Kellgren and Lawrence (298) is variability

between observers when estimating the prevalence of OA.

4.2.5 Advantages and limitations of radiography in OA research
It is important to note that the role of radiography is not restricted to the clinical diagnosis of

OA (298). Radiography has also played a vital part in research and clinical trials (272) due to
several advantages such as that it provides good reliability and validity, is widely available and
simple to use, and is the least expensive of all the diagnosticimaging modalities. By conducting
a simple search for published papers in the Medline database over the last 5 years using the
terms ‘radiography’ and ‘osteoarthritis’, 6442 papers were found. This clearly shows that this
modality is widely used, particularly in research focusing on the prevalence, incidence,
progression and classification of OA in different joints using the previously mentioned grading

systems (261).

Even though it is the gold standard modality for the diagnosis of OA and is widely used in
research, some researchers point out that the use of radiography in research associated with
OA also has limitations, particularly, in studies that focus on the progression of OA in
longitudinal studies (11). They also argue that radiography has other limitations in detecting
the early pathogenesis of the disease and the early morphological features of an affected joint
(18). This is due to factors such as its lack of sensitivity, particularly when aiming to detect
cartilage damage (299). Moreover, while focusing on the monitoring of morphological
features, radiography lacks the specificity to measure cartilage thickness, JSW, and changes in

bone shape and area (299).

Radiography is known as the gold standard imaging modality used to determine a patient’s
eligibility for many clinical trials that focus on investigation of the progression of diseases or
the development of modifying drugs (15). In the past two decades, several pharmaceutical

companies have aimed to develop a disease-modifying osteoarthritis drug (DMOAD). The
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estimated cost of developing such drugs and gaining market approval is high, at approximately
US S 2.6 billion (300). Despite, all of the efforts made and the high cost of such trials, no such
pharmaceutical agents have been approved (18). Such unsuccessful approaches suggest that

a deeper understanding of the process followed in such trials is vital.

The feasibility of the criteria for the inclusion of participants in DMOAD trials has been argued
to be the main reason that such trials fail (301). As mentioned previously, radiography for
severity, as defined by both JSW and the K&L grading system, is the main tool used for the
criteria for inclusion in trials. The measures so produced are the only endpoint approved by
the FDA for clinical trials in assessing a potential DMOAD (15). Therefore, the use of these
classifications and this imaging modality may be responsible for the failure of trials (301). For
example, the radiographic definition of severity in the K&L grading system includes grades 0
and 1 defined as normal, whereas other studies have proven that both grades may indicate

structural OA in cases found not to be normal when evaluated using MRI (261).

In population-based observational research by Guermazi, Niu (302), 710 participants from
the Framingham Osteoarthritis study were studied who were classed as having no
radiographic evidence of OA after having been categorized as K&L grade 0. Knee MRI was then
applied to assess the presence of any radiographic abnormalities, with the outcomes
compared with those of K&L grading. Of the 710 participants, 89% (631) had abnormalities
that were shown on MRI, among which the presence of osteophytes was the most common

(524/710: 74%) (302).

Another study by Hayashi, Felson (303) confirmed those results using 696 participants from
the same Framingham cohort, all of whom were given 0 K&L grades. The study aimed to
investigate the presence of damage in knees using MRI in patients considered to have ‘normal’
knees according to K&L grading, and the analysis showed that the majority of participants had
cartilage damage and osteophytes (303). Such results indicate that the use of K&L grading and
radiography may not detect the early signs of OA. Therefore, the use of these techniques in
epidemiological research, especially in evaluations of early changes in OA, longitudinal studies
of disease progression, or tests of the effect of new drugs, may result in misclassifications of
participants in groups which would not truly represent the state of their disease and thus lead

to spurious results.
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Similarly, another common problem with the radiographic definition of severity is the
influence of knee position when acquiring radiographic images, which can also lead to
misclassifications of participants during K&L grading (304). For example, variations in knee
flexion can affect the measurement of JSW, potentially leading to inconsistency in

categorisation during follow-ups, as shown in figure 4-12.

Figure 4-12. Variation in knee position during image acquisition affecting JSW and giving three different measurements for
the same patient adapted from (304).

Furthermore, radiography is not a reliable method for the assessment of the morphological
structure of the knee, hip, and ankle joints because it primarily relies on 2D image acquisition,
which may not accurately represent the complex 3D morphologies of these joints (47, 50, 241,
242) which are 3D objects with varying levels of anatomical complexity (171). For example,
the ankle joint is considered to be a more anatomically complex weight-bearing joint than the
knee and hip as it contains several overlapping connected bones, as described in chapter 3.
Radiographic assessment would not represent the true 3D morphology of this joint (47, 56,
171), or the knee and hip joints (242). Moreover, radiography has other limitations that affect
its ability to accurately assess the morphology of the joints. Radiographic distortion may
expand or compress the object imaged, leading to inaccurate assessment (243), and variations
in patient positioning during imaging can also affect the morphological appearance of the

imaged object (48).

Finally, although radiography, like any other imaging modality, has other advantages and
disadvantages beside those mentioned above, it remains the gold standard imaging modality
used to assess OA (261). Researchers should note the limitations associated with it and should
aim to avoid them by applying more reliable imaging protocols and selecting experienced

people to classify and assess the severity of OA (274). However, when aiming to assess the
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morphology of joints or in studies that focus on the detection of the early signs of OA, more
advanced imaging modalities such as MRI that can provide 3D images and more detailed

morphological information should be used (262). The next section focuses on the use of MRI.

4.3 Magnetic resonance imaging (MRI)

4.3.1 A brief history of MRI
The fundamental work that encouraged scientists to work in the field of MRI goes back to

1938 when experiments by Isidor Isaac Rabi sent a molecular beam into a magnetic field,
resulting in the emission of radio waves with specific frequencies (305). This is the first
experiment that laid the foundations for the discovery of MRI, and in 1944 Isidor was awarded
the Nobel prize for physics(306). Felix Bloch and Edward Purcell subsequently extended
Isidor’s work and applied it to materials such as solids and liquids (307). As a result of their
work, they shared the 1952 Nobel Prize for physics (308). In 1971, an important breakthrough
was made when Raymond Damadian discovered that relaxation time can be a significant tool
in distinguishing between cancerous and healthy tissues (308, 309). Two years later, Paul

Lauterbur elucidated the ability of the nuclear MR technique to create images (310).

The first MRI image was published in 1977 by Sir Peter Mansfield, who followed up the
preliminary work of Lauterbur and developed an approach that resulted in the capture of an
MRI image of the finger of a PhD student working in his laboratory (311). After obtaining the
first image with a small machine, he received funds to build a full-size MRI machine that could
be used to scan bigger organs (312). When the machine was ready, Mansfield volunteered to
be the first person to be scanned (313). The process took approximately five hours and
resulted in the first full abdominal cross-sectional MRI image (313). In 2003, both Mansfield

and Lauterbur were awarded the Nobel Prize in Physiology for the discovery of MRI (313).

The first article that focused on the use of MRI as a diagnostic imaging modality was published
in 1980, when only four other articles were published (307). One of these was led by Ronald
Evans, who listed technological difficulties that could affect the use of the technology for
diagnostic purposes without further research (314), and in the same year, the first commercial
MRI system was introduced (314). Since then, there has been significant annual growth in the
number of articles focussing on the use of MRI as a diagnostic tool, in 2013 alone, 240
published studies had MRI in their title compared with 4 in 1980 (315). This reflects the rapid

development of this imaging modality, along with a parallel growth in interest in its use;
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whereas in 1980 there only a small number of machines existed with low field strength (315).
However, by 2010, it was reported that tens of thousands of MRI machines which were mostly
of high field strength were in use in many healthcare facilities (307, 315). The development of
the machines continued rapidly, resulting in very high-resolution images combined with fast
acquisition times. A variety of image analysis software can be applied in the machines used
now (315).

4.3.2 The use of MRl in OA

As mentioned previously, OA is now considered to be a whole-joint disease affecting all
morphological aspects of the joint such as the bone, tissues and ligaments (65). The use of
MRI in OA research has had a significant impact on the understanding of the disease process
(262). Outcome measures in rheumatological clinical trials and the OARSI have identified MR
as the best imaging modality for the monitoring of early morphological changes (316). This is
because MRI is the only imaging modality that can visualise all of the anatomical aspects of a
joint, such as bone shape, cartilage changes, osteophytes, subchondral bone marrow lesions

(BMLs) and joint effusion (262).

As with any imaging modality, MRI has numerous advantages and disadvantages that might
limit or encourage its use in research and clinical diagnosis (11). The main concerns with
regard to the use of MRI for the clinical diagnosis of OA relate to its availability and cost
compared to radiography (317). Many primary healthcare facilities do not have MRI machines
available to use and larger hospitals report numerous complaints regarding long waiting lists
for MRl scans (318). In addition, the cost of an MRI scan is higher compared to a radiograph,
especially when taking into consideration their minimal differences in sensitivity (317). In a
meta-analysis by Menashe, Hirko (319) of studies of the diagnostic clinical performance of
MRI in OA compared with the radiographic gold standard, it was found that MRI has higher
specificity and moderate diagnostic sensitivity similar to that of radiography. Therefore, the
authors concluded that the use of MRI as a clinical diagnostic modality for OA is not justified

in terms of cost-effectiveness and availability (319).

Nevertheless, MRI has the benefit of not generating any ionising radiation, which is seen as
an advantage over radiography (317). But taking into account the limitations of MRI
mentioned above, as well as the low effective radiation dose from peripheral musculoskeletal

radiography of approximately 0.001 mSv (equivalent to a few hours of background radiation),
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this does not make MRI preferable for use in clinical examinations (320, 321). However, it is
advisable to use MRI in the clinic when the patient has rapid or unexpected developments in

the affected joint, such as continuous pain and inflammation (261, 317).

On the other hand, the use of MRI in OA research has had many advantages in the past,
leading to a clearer understanding of how OA affects the entire structure of the joint (262,
322). Furthermore, when taking a broad view of relevant scientific papers, it can be seen that
the focus is often not on the specific characteristics of the MRI machine or the protocols used,
but rather the way that the resulting images are analysed (262, 323, 324). Three analytical
approaches are widely used in research evaluations of OA using MRI: semi-quantitative,
guantitative and compositional analysis (262). Such approaches are reviewed in the next

sections.

4.3.3 Semi-quantitative MRI scoring
In 2004, Peterfy introduced a whole-organ semi-quantitative MRI scoring system. Since then,

it has been applied in both clinical and research contexts related to OA (325). Such techniques
have had a significant impact on the way that MRI images are analysed and provided greater
clarity about the pathology of OA (326, 327). The semi-quantitative approach has been
valuable method in evaluations of the performance of the multifeatured assessment of OA
using MRI images (323). This technique simply scores different features of the joint that are
thought to be associated with the pathophysiology and the progress of OA in a semi-
guantitative manner (326). Several scoring systems have been published in the last decade
that focus on different joints such as those in the knee, hand, shoulder, ankle, and spine(262,
272, 327). Various scoring systems are currently in use for each joint which may differ in the
features that they assess (327). For example, several scoring systems associated with the knee
joint have been published, which could be due to the fact that it is the joint most commonly

affected by OA (272, 327).

The most common semi-quantitative knee scoring system that is currently used is the Whole
Organ Magnetic Resonance Imaging Score (WORMS)(327). This was the first scoring system to
be published which has been broadly used in many epidemiological studies for more than a
decade (325). Since the development of WORMS, three more scoring systems have been
established which are the Boston Leeds Osteoarthritis Knee Score (BLOKS) (328), the Knee

Osteoarthritis Scoring System (KOSS)(329), and the MRI Osteoarthritis Knee Score (MOAKS)
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(330). Both WORMS and BLOKS are commonly used semi-quantitative scoring systems (327),
but each system has advantages and disadvantages which are reviewed in the following

sections.

4.3.3.1 WORMS
This was the first scoring system to be published and it had been more widely cited than the

other scoring systems, with 1161 citations by 2004 (325). In addition, it has been applied in
several large epidemiological studies such as the Multicentre Osteoarthritis Study (MOST),
OAl, and the Framingham study (331-333). Furthermore, this system depends on a unique
protocol that divides the compartments of the knee into several sub-regions rather than
depending on a lesion orientation approach (see figure 4-13) (325). This allows a focus on the
essential parts of the knee in scoring the possibility of the existence of OA features such as
BMLs, cartilage abnormalities, osteophytes, subchondral cysts and meniscus irregularities in
the area examined (326). The advantage of this approach is that it allows several lesions in
each sub-region to be scored at the same time, which enhances the analysis and
interpretation of the data (332). Additionally, the definition of the precise size and location of
each lesion is difficult when applying the regional approach because lesions close to each
other can merge which could result in the presence of important OA features being

missed(332). More details of this scoring system are provided in table 4-3 below.

4.3.3.2 KOSS
The Knee Osteoarthritis Scoring System was published by (329) and is another of the widely

used systems, which has been cited 305 times. This system is similar to WORMS regarding its
general purpose, which is to score and detect OA features in MRI images. However, differences
include that the KOSS aims to individually score OA features such as the status of cartilage,
subchondral BMLs and cysts rather than being measured in an additive manner as in WORMS
(326). Bone lesions are also graded differently in the KOSS depending on the size of each lesion
rather than its mere existence (272). Additionally, the KOSS focuses on scores of meniscal
morphology and defines sub-regions differently compared with WORMS (272).

4.3.3.3 BLOKS

Hunter, Lo (328) published the more recent BLOKS system, which is used less commonly than
WORMS and is cited in 444 studies. It depends on a regional approach when scoring OA

features in the joint, and this is one of the main differences when compared with WORMS and
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KOSS which use sub-regional approaches (261). The BLOKS system divides the knee into
trochlear and weight-bearing regions, with greater focus on the weight-bearing components
(326). Furthermore, in Hunter’s (2008) original study, a comparison with WORMS concerning
the association of BMLs with pain and cartilage loss showed that BLOKS performed better in
scoring BMLs. This is considered to be the main advantage of the system (328), and BLOKS is

also described in table 4-3 below.

4.3.3.4 MOAKS
WORMS, KOSS and BLOKS have now been available for several years and are widely used.

However, few studies have compared these scoring systems and their weaknesses and
strengths in any depth (326). Two studies compared the strengths and weakness in the
approaches used to score specific OA features in WORMS and BLOKS (334, 335), and their
findings formed the basis for the MOAKS scoring system proposed in 2011 by (330) with the
aim to overcome some of the limitations of existing scoring systems. The refinements of the
method used to score BMLs provide a more accurate delineation of their region, size, and
shape (326). Additionally, a sub-regional assessment of cartilage is applied in this system to
avoid areas of redundancy in the cartilage (Hunter, 2011). Furthermore, the MOAKS also
refines the methods used in other systems to score meniscal morphology by adding the ability
to score meniscal hypertrophy and progressive partial maceration. An extended description

of this system is shown in table 4-3 below (330).

a b

Trochlear

N

£ N Lateral |SS| Medial

P
4

Figure 4-13. Definition of compartments of the knee depending on the type of scoring system used: a) WORMS and MOAKS
divide the anatomical parts into the anterior, posterior and central; b) BLOKS divides them into trochlear and weight-bearing
regions; c) the medio—lateral division of the femur as defined by all three scoring systems adapted from (326).

100



Table 4-3. OA features scored by the four-grading system with the grade range used to score knee MRI images for OA.

Scoring system 0A features scored (grades)
WORMS & Cartilage (0—3).
* BMLs {0-3).
» Subchondral cysts (0-3).
» Bone sttridon (0—3).
s Effusion and synovitis [0—3).
& Per-articular cysts (0-3).
& Bursitides (0—3]; loose bodies [0—3).
s Dsteophytes (0—7).
& Meniscal tear (0—2).
¢ Cruciate and callateral ligaments (0-1).
KO55 s Cartilage size and depth (0-3)
e EMLs [0-3)
¢ Subchondral cysts [(0—3)
& Dsteophytes (0—3); effusion (0—3)
& Meniscal tear (0—3)
& [eniscal extrusion (0—3)
& Popliteal cysts (0—3)
&  Synovial thickening (0—~1)
BLOKS » Cartilage size and depth (0-3, plus the extent of any cartilage loss at
a specified paint).
e BMLs (0—3, for each lesicn).
s Dsteophytes (0—3)
¢ Effusion [0—3) and meniscal extrusicn (0—3)
*  Synovitis (in Hoffa's fat pad 0—3 and at 5 additional sites 0—1).
o DMeniscal status (0—1 for intra-meniscal signal, tears, macesration,
meniscal oyst, each scored individually) ligaments (0—1)
» Periarticular cysts/bursitis [0—1]
& Loose bodies [0—1])
MOAKS o Cartilage size and depth (0-3]
s  BMLs (0—3, for each lesicn)
s Dsteocphytes (0—3)
s  Effusion--synovitis (0—3]
»  Hoffa synovitis (0-3)
o Meniscal extrusion (0-3)
o Meniscal status [(0—1, for intre-meniscal signal, tears, macesration,
meniscal cyst, Hypertrophy: scored individually)
® Ligaments ([0~1); Periarticular cysts/bursitides [0~1, scored

individually)
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4.3.4 Efficiency of semi-quantitative scoring systems
Several published studies show that the scoring systems used to score OA features in MRI

images are reliable with good responsiveness (326, 336, 337). For instance, a meta-analysis of
data from 243 studies published between 2009-2011 by Hunter, Zhang (336) assessed the
responsiveness and reliability of quantitative and semi-quantitative MRI methods in the
evaluation of knee OA. The results showed that, for semi-quantitative grading methods, the
random-effects pooling of intra-reader ICC was excellent (ranging from 0.8-0.94) also, the
Kappa values of intra-reader and inter-reader reliability ranging from 0.52-0.88 showed

moderate to excellent agreement for semi-quantitative methods.

Regarding the responsiveness of the semi-quantitative methods, the results showed a value
of polled standardised response mean (SRM) of 0.55 (95%Cl 0.47—-0.64) for cartilage, which
was consistent with results obtained in studies using quantitative assessment. Also, in terms
of the responsiveness to change, SRM values were calculated for BMLs of 0.43 (95% Cl: 0.17-
1.03) and synovial of 0.47 (95% Cl: 0.18-0.77), which were considered to represent adequate
to good responsiveness. The authors concluded that OA-related changes in the knee joint can

be assessed reliably and with good responsiveness using semi-quantitative methods (336).

A recent study by Crema, Roemer (338) assessed the reliability of four expert readers of MRI
images using the WORMS scoring system with data from the MOST study. The results showed
that for cross-sectional data, the paired inter-reader weighted kappa values showed
substantial to almost perfect agreement between readers, whereas moderate to high
agreement was found for longitudinal data. The authors concluded that, for both cross-
sectional and longitudinal data, semi-quantitative grading for knee OA features could achieve

good reliability between different readers.

Although semi-quantitative scoring systems have had a positive impact in clarifying the
diagnosis of OA in the joint, they also have some weaknesses (272, 323). One important
weakness is the need to establish an imaging protocol, which might be time-consuming and
difficult for patients when obtaining the images (262). Also, images should be at high
resolution and obtained using advanced MRI machines in order to allow the reader to observe
very good clarity when scoring images. Such machines might not be available in many medical
facilities (326). Furthermore, OA research using such machines in large trials is more expensive

than a less advanced machine. Another limitation is that the morphological changes
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associated with bone shape and bone area measurements cannot be assessed using such
systems (52). Recently the use of novel quantitative methods of image analysis has shown
such changes to be good biomarkers for the onset and progression of OA in the knee and hip

joints, as described in the next section (50, 52, 53).

4.4 Quantitative statistical shape modelling
Quantitative analysis is a powerful tool used to measure the various morphological aspects of

joints from 3D medical images such as MRI and CT scans, including bone, cartilage thickness,
effusion, osteophytes, and meniscus (339). In recent years, there has been growing interest in
the use of machine learning for the analysis of medical images (340). This approach is
becoming increasingly popular because of its potential advantages over manual scoring (341).
For example, it allows for the exploration of an entire datasets in a more comprehensive way,
reduces the dependence on human observers, and can detect subtle changes that might be
missed in semi-quantitative analysis (51). Moreover, it is capable of the rapid recognition and

classification of complex imaging patterns from multiple diagnostic modalities (340).

Given the rapid advances in imaging technology and the projected growth of research on
machine learning, it is expected that these techniques will play a pivotal role in future clinical
monitoring and decision-making processes (341, 342). In addition, machine learning
algorithms can extract useful information not just from a single image but simultaneously
from multiple medical images, thus enhancing the ability of clinicians to make accurate

decisions about various pathologies (343).

Machine learning algorithms can be categorised into three types based on how they use labels
in the training data: supervised, unsupervised, and semi-supervised learning (343). This
section focuses on supervised learning, which is the most commonly used form of machine
learning algorithm in musculoskeletal research, with particular emphasis on statistical shape
models (SSMs)(344). Which are defined as “geometric models that describe a collection of
semantically similar objects in a very compact way ... SSMs represent an average shape of
many 3D objects as well as their variation in shape” (51). SSMs were first introduced by
Cootes, Taylor (345) and have since been widely used in the analysis of medical images, where
the variability in shape of a group of objects such as bones is described and analysed using
mathematical and statistical tools such as, principal component analysis to simplify a

multifaceted 3D geometric shape into a single metric value that signifies the 3D shape (346).
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SSM can be used in medical imaging to examine morphological variations between individuals
in the shapes of bones and joints (347). Furthermore, SSM can assist in the identification of
common patterns of variation and the understanding of the mechanisms that lead to such
differences. Numerous clinical applications such as surgical planning, disease diagnosis, and
treatment evaluation can benefit from the information provided from such novel method (51).
More detailed descriptions of the reconstruction and utilisation of SSMs is provided in chapter
5. This section reviews the literature aiming to identify relevant studies that apply SSM to
explore the morphology of the knee and ankle joints and assess its relationship with

musculoskeletal pathologies such as OA.

4.4.1 Literature review
Initially, a systematic literature review had been planned but a preliminary search revealed

few studies using such technology, especially in the analysis of MRI images. Also, only three
research groups have published work using this method focusing on the knee and ankle joints.
Regarding the knee joint, the majority of studies have been published by just one group, the
Imorphics Manchester group. Similar papers focusing on the ankle were published using the
same sample and research group. Therefore, a review that includes only papers the majority
of which were published by one group with the analysis of data from the same population
would be considered to be susceptible to bias. Therefore, a narrative review using a systematic
search strategy is conducted here to ensure the inclusion of all relevant studies. Table 4-4

below summarises the search terms and databases used in this initial search.
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Table 4-4 Summary of search terms, strategy and databases used.

Search terms

e Osteoarthritis, osteoarthritides, osteoarthrosis, osteoarthroses, osteoarthritis
deformans, gonarthrosis and OA.

e Magnetic resonance imaging and MRI.

e  Statistical shape modelling, SSM, active appearance modelling and AAM.

and JSW.

e Knee, ankle, bone shape, bone area, subtalar joint, talocrural joint, joint space width

Database results e Scopus =28

e PubMed =52

e Google Scholar = 140
e EMBASE =63

e Snowballing =5

e Total =288

44.1.1 Search process
The databases mentioned in the table above were searched using the keywords listed. The

first search included the relevant key words with the use of Boolean operators but did not
identify any articles focusing on the ankle joint. Therefore, the search was repeated excluding
key words for the diseases were removed and those for other types of 3D medical imaging
such as CT were added. This search identified a total of 288 studies relevant to the search
terms used. The search results were then filtered to remove all duplicates, which resulted in
214 relevant studies and their abstracts were then screened to focus on studies using SMM to
assess the ankle and knee joints from MRI images. No studies were identified that used MRI
images for the ankle, and therefore studies using CT were included. The screening process
resulted in 71 studies that were assessed for eligibility by reading the full text. Of those, 58
studies were excluded for various reasons, leaving seven studies that investigated the knee
joint and 8 studies that applied SSM to images of the ankle complex region which were

relevant to this review. The PRISMA flowchart in figure 4-14 explains the search procedure.
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Figure 4-14. PRISMA flowchart of the search procedure used.

4.4.1.2 Selected studies
Of the 15 studies that were chosen for review, 7 used MRI images to assess the role of

morphological variations in bone shape and bone area in the knee joint using an SSM method
and they were all linked to OA. In the remaining 8 studies, SSMs were constructed from CT
images in order to assess the bone shape of the ankle complex region with a variety of
objectives, except for one study which analysed MRI images to validate the use of SSM. The
studies included can be categorised into two main groups: those using SSM for the assessment
of variations in the knee joint; and those that also used SSM in assessing variations in the ankle

joint. Tables 4-5 and 4-6 provide a detailed summary of the studies reviewed.
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Table 4-5. Summary of studies included in the review that used SSM to explore the knee joint.

Author Aim Sample size and Anatomical Method Findings
population region
Barr et al. To investigate the association between 2588 participants from  knee 3D MRI SSM 3D bone are measurements provide more
(2014) 3D bone area, radiographic features of the OAI study bone area information that cannot be explained by current
OA, and clinical characteristics radiographic measurements
Bowes et To investigate if 3D alterations in the 1312 OA group 885 knee 3D MRI SSM People with OA were distinguished from controls by
al. (2015) knee bone area would be typical of OA non-OA group from bone area changes in bone area, which was more sensitive
and give an accurate indicator of the OAl study than the present imaging marker for disease
progression. progression JSW.
Bowes et To examine the 3D knee bone area from 27 participants from Knee 3D MRI SSM While cartilage measurements were not affected at
al. (2016) an OA cohort that displays no change in multicentre, bone area 3 and 6 months, the 3D SSM bone area did indicate
cartilage thickness but with high risk of observational OA that it is more sensitive in detecting OA progression
OA progression cohort
Neogi etal. investigate whether 3D bone structure 178 free of OA at knee 3D MRI SSM 3D knee bone shape was able to predict the
(2013) can forecast the development of baseline but at high bone shape radiographic OA's later onset.
radiographic knee (OA). risk of knee OA from
OAl
Barr et al. To establish a connection between total 310 controls Knee 3D MRI SSM Baseline 3D bone shape for the TKR group was
(2016) knee replacement and 3D MRI bone 310 TKR cases from bone shape significantly different than the control group
shape. OAl indicating that knee bone shape could be an imaging
biomarker predicting TKR
Bredbenner To explore if variation in the 3D shape of 12 control group 12 Knee 3D MRI SSM Significant 3D SSM bone shape variations were
et al. the knee's bone will help distinguish high risk of OA group bone shape noted between controls and participants with high
(2010) between people who are at risk and all female risk of OA.
those who are not for developing OA.
Bowes et To identify the advantages of 3D SSM 4796 participants from  Knee 3D MRI SSM This study's use 3D SSM provided an entirely novel,
al. (2021) bone shape of OA state for evaluating the OAI bone shape extremely accurate, and exact assessment of OA

risks of clinically significant outcomes

status: which is a quantified 3D femur bone shape
known as the B-score.
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Table 4-6. Summary of studies included in the review that used SSM to explore the ankle joint complex.

Author Aim Sample size and Anatomical Method Findings
population region
Grantetal. To create and validate SSM of the foot bones 24 participants Foot and ankle 3D MRI The SSM of the foot bones was successfully constructed
(2020) ankle, midfoot, hindfoot and first metatarsal. complex SSM and validated. Using segmentations from MRI scans, the
bones of the foot can be rebuilt with minor inaccuracy.
Lenz et al. To create a 3D SSM of healthy ankle joints 27 asymptomatic Ankle complex 3D WBCT 3D morphology of the ankle complex is somehow similar
(2021) using WBCT scans to analyse bone shape, individuals (talocrural joint) SSM with minimal individual variations noted such
joint coverage, and JSW. information my improve the understanding of the ankle
pathologies
Krahenbiihl To create a 3D SSM of healthy subtalar joints 27 asymptomatic Ankle complex 3D WBCT 3D morphology of bones forming the subtalar joint
et al. using WBCT scans to analyse bone shape, individuals (subtalar joint) SSM show variations noted in the shape and JSW, such
(2020) joint coverage, and JSW. information indicates a potential for a 3D SSM clinical
assessment of the subtalar joint.
Peterson et To build a 3D SSM to assess morphological 27 healthy Full Ankle 3D WBCT A multi-level multi-domain 3D SSM can help clarify joint-
al. (2022) and alignment changes in the full ankle individuals complex region  SSM level morphology and bone alignment differences.
complex region in healthy people. Further studies using bigger sample are warranted
Gabrielliet To construct SSMs to exemplify ankle and 20 healthy Ankle complex 3DCT No significant differences in morphology of both ankles,
al. (2020) hindfoot bone morphology for sex participants SSM bone  contralateral ankle may be used to guide surgery to
differences and side-to-side symmetry. shape restore natural morphology. Sex differences noted in
tibia and calcaneus but not the talus
Timer et To explore ankle complex bone shape 66 healthy Ankle complex 3D CTSSM  Similar shape patterns are seen on both sides of each
al. (2019a)  variations between sexes and evaluate side individuals bone bone type, with sex differences found in the tibial,
to side symmetry using SSM shape calcaneal, and talus bone shapes.
Tiimer et To explore ankle complex bone shape 35-controls Ankle complex 3D CTSSM  Between the control and osteochondral defect groups,
al. (2016) variations between control and 37-with (talus and distal  bone there are shape disparities. As a result, it seems possible
osteochondral defects using SSM osteochondral tibia bones) shape that these observed shape differences could be a risk
defect factor for osteochondral abnormalities.
Timer et To examine using SSM 3D shape variations in ~ 26-controls Ankle complex 3D CT SSM  Significant bone shape variations between both gropes
al. (2019b)  subtalar joint bones among those with 26-with chronic (Subtalar joint) bone noted in the talus and calcaneus bone. Indicating that
chronic ankle instability and healthy ankle instability shape certain bone shapes may raise the chance of developing

subjects.

chronic ankle instability following a lateral ankle sprain.
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4.4.2 Use of SSM to explore knee morphology

4.4.2.1 Change in bone area
Previous research has confirmed that change in the bone is fundamental in the development

of OA (348). However, few researchers have focused on exploring the role of bone tissues in
OA, because the process of precisely identifying and measuring changes in bone tissue has
been challenging. In different stages of OA diseases, changes occur in bone size and shape.
For example, some studies show that the bone area in the tibial condyles increases with OA
(349), while (350) reported that the femorotibial bone area showed an increase in size when
compared to healthy knees. Previous studies used 2D methods to measure such variation, but
it is argued that such methods have the limitation of not measuring the full bone area with
precision. However, with the development of new image analysis techniques such as 3D SSM,
the measurement of changes in the bone area has become a focus of research in order to

explore the possibility of new imaging biomarkers.

A study conducted by Bowes, Vincent (53) aimed to evaluate changes in the area of bones
forming the knee joint. The authors hypothesised that such change represents a way of
differentiating between participants with OA and those without. The study included MRI knee
images from 1,312 participants who had confirmed radiographic OA and 885 non-OA
participants from the OAI. The images were taken at baseline, and 1, 2 and 4 years. The MRI
images were used to build a 3D SSM after the automatic segmentation of all the bones from
the MRI images. The authors focused on the total area of subchondral bone (tAB) as the

anatomical area of interest.

The results showed that bone area in the anatomical regions examined had increased more
significantly over time in the OA compared with the non-OA groups. For example, the 4-year
percentage increase in the medial femur bone area from baseline for the OA group was 1.87%,
and for the non-OA group it was 0.43% (p<0.0001) (see figure 4-15). It was concluded that the
novel 3D MRI SSM had succeeded in detecting and measuring the change in bone area and
that such models could discriminate between people with OA and controls. Likewise, when
compared with JSW, which is the radiographic gold standard for OA progression, the
differences in bone measurements quantified using 3D MRI SSM were more effective in

assigning OA progression status.
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Figure 4-15. Heat maps showing changes over four years in the area of the bones forming the knee joint in participants with
and without OA: (C) in the non-OA group,; and D) in the OA group. The red colour represents increases in size and the blue
decreases in size adapted from(53).

Additionally, the association between 3D area measurements of the bones forming the knee
joint and clinical and radiographic OA characteristics was explored in a cross-sectional analysis
published by Barr, Dube (351) of data for 2,588 participants also extracted from the OAI
database including MRI images, radiographic OA measurements and several clinical
characteristics such as height, weight, age and gender. The MRI images were divided into OA
and non-0OA groups according to radiographic criteria, and 96 random MRI images each
representing the OA and non-OA groups were chosen to be manually segmented to train the

SSM, and then automatic segmentation was applied to build the full model.

The full model was then used to quantify the area measurements of the bones in the knee

joint, and the exact definition of the anatomical bone area used are shown in figure 4-16.
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Figure 4-16. Anatomical bone areas chosen: MF (medial femur), LF (lateral femur), LT (lateral tibia), MT (medial tibia), LP
(lateral patella), MP (medial patella), MedPF (medial trochlear) and LatPF (lateral trochlear) adapted from (351).

Results from linear regression models showed that the clinical covariates of height, weight
and age together explained 22.5% of the variance in MF bone area in the male model and
43.1% in the female model. Furthermore, the variance in the MT bone area was similar to that

of the MF in both genders.

The linear regression results also showed that the radiographic OA features JSW, sclerosis,
osteophytes and K&L grade respectively described only 5.3%, 10.1%,14.9% and 20% of
variance in the MF bone area, with similar results for the MT bone area. The authors
concluded that a relationship exists between knee bone area measurements and body size in
both sexes. Also, a week association was noted between the gold standard radiographic OA
features as quantified from 2D x-ray images and the bone area measurements quantified using
3D SSM. This indicates the ability of the 3D measure to provide extra morphological
information representing variations in the population and suggests that the traditional

radiographic OA features lack sensitivity in detecting such morphological variations.

Finally, a observational cohort was used in a study by Bowes, Maciewicz (352) to analyse
changes in the 3D morphological knee bone area in an OA cohort at different time points
where no change had been reported in cartilage thickness, which would be an indicator for

disease progression. The aim was to determine if bone area provides a better indicator of
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disease progression than cartilage thickness. The sample comprised only 29 participants with
knee pain but without any changes to the cartilage and with radiographic evidence of OA. MRI
images for both knees at different time points of 1 week, 3 months and 6 months were
obtained. However, only the knees with the higher K&L grade were selected to be
automatically segmented using AAM. Later, a 3D model was constructed from the segmented
images, with a focus on two specific anatomical areas of the femur: the MF and LF (see figure

4-17).

Figure 4-17. Steps in 3D SSM model production using MRI images: A) automatic segmentation of the MRl image; B) the 3D
bone surface model produced from the segmented data; C) and D) the mean bone surface as a triangulated mesh in which
each vertex represents an anatomically corresponded point or landmark. The anatomical regions chosen are in red: MF, medial
femur; LF, lateral femur adapted from (352).

The outcomes showed that the mean MF bone area in the baseline image was 2,291 mm?. At
3 months the MF bone area ratio of the value against the bassline value had increased by
0.34% (95% Cl 0.04-0.64; p = 0.03), and at 6 months it had increased to 0.61% (95% Cl 0.32—
0.90; p = 0.0002). In addition, the LF bone area in the baseline image was 1,527 mm? and at 3
months no significant change was noted; however, at 6 months the ratio of the value against

the bassline value had significantly increased by 0.49% (95% CI 0.18—0.80; p = 0.0021).

112



It was concluded that there were changes in bone area measurements quantified using 3D
SSM at different time points. The increases in bone area in both selected anatomical regions
were statistically significant, indicating that the use of 3D SSM bone area measurements can
detect small changes which represent disease progression even when cartilage thickness,

which is the current progression imaging marker, did not change.

Overall, the importance of the studies using 3D MRI SSM to explore morphological variations
in bone area, particularly in the knee joint, lies in demonstrating the ability of a machine
learning method to perform as a prognostic imaging biomarker for the onset of knee OA. They
also show that evidence identified in this way of morphological variations in the bones forming
the knee joint is likely to be more effective than radiographic features in detecting change and

OA progression.

4.4.2.2 Change in Bone Shape
Changes in the shapes of bones have attracted significant interest among researchers

exploring their association with OA, given that bone undergoes both structural and functional
changes during the progression of OA disease (210). These changes are likely to be a result of
adaptations by the bone when exposed to mechanical influences such as stress, as justified by
Wolff's Law (353). Therefore, studies have aimed to explore if bone changes can be used as an
OA imaging biomarker. Several studies using SSMs reconstructed from MRI images have

explored variations in bone morphology focusing on the knee joint.

One of the first studies using 3D MRI SSM to study variations in knee bone morphology was
carried out by Bredbenner, Eliason (354) to assess its potential as a method to distinguish
between people at risk of developing knee OA and those not at risk. In this study, 24 female
participants with matched ages and BMI for whom MRI images were available in the OAl
database were selected from incident and control groups of 12 individuals each. The MRI
images were then segmented in order to construct the SSM which was used to quantify

morphological features from both groups.

The findings indicate that tibia bone height was lower on average in the incident group
compared to the control group, while width measurements for the anterior-posterior and
medial-lateral tibial plateau were greater in the incident group. These results demonstrate the

ability of SSM technique to quantitatively demonstrate differences between groups and that
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it can serve as an advanced tool to explain variations between participants with and without

knee OA by statistically characterising the bone shape morphology of knee joints.

A subsequent case-control study by Neogi, Bowes (355) used the 3D SSM technique to build
a 3D bone shape model and to explore whether or not such a method could predict the onset
of knee OA prior to it being confirmed by radiography. Data from the OAI study used in the
case included MRI images for 176 knees free of OA at baseline which later developed incident
radiographic OA during follow-up, matched with 353 random knee MRI images in the control
group. An SSM was constructed by firstly training the model using manual segmentation, and
then automatic segmentation completed the reconstruction of the full SSM for the femur, tibia

and patella bones of all of the MRl images (see figure 4-18).

Medial Medial
tibia patella

Figure 4-18. lllustration of the main differences in bone shape of the femur, tibia and patella bones in both OA bones (lower
row) and controls (top row). Various morphological variations are clear: for the femur, 1 - winding of the femur condyles, 2 -
increased osteophyte growth, 3- notch edge narrowing; in the tibia, 4 - winding of the tibia condyles, 5 - increased osteophyte
growth, 6 - spines of the tibia moving together; for the patella, 7 - the cartilage plate is increased in size, 8 - osteophytic edge
adapted from (355).

Linear discriminant analysis was used to distinguish between OA and non-OA groups, and this
method can accurately identify the line in a multi-dimensional space that separates the OA
and non-0A groups. The shape variation can then be reported as a single scalar value which

represents the space along the LDA vector for each bone considered.
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According to the study’s findings, the 3D bone shape vectors of knees that eventually
developed radiographic knee OA tended to become more ‘OA-like’ over the course of the
study, from the baseline to the 12-month visit prior to the onset of OA and the visit where OA
was detected. In contrast, there was no significant change in the 3D bone shape vectors of
control knees across these three time-points. For example, in the full knee SSM the knees in
the highest tertile were three times more likely to develop incident radiographic knee OA after
a year than the knees in the lowest tertile OR 3.0 (95% Cl: 1.8-5.0; p<0.0001). The findings

imply that variations in bone shape could serve as an early indicator of the onset of knee OA.

The results of the two previous papers demonstrate the value of quantitative 3D MRI SSM in
understanding the role of bone morphology in OA and its potential as a disease biomarker.
Therefore, other studies have looked at different related aspects of bone pathology and

clinical outcomes using 3D quantitative bone shape models.

Barr, Dube (52) conducted a nested case-control study aimed to examine the relationship
between 3D MRI SSM bone shape and total knee replacement (TKR). Data in this study were
collected using cumulative incidence sampling and extracted from the OAIl cohort. The
participants were separated into two groups: the case knee MRI group and the control group.
The case group included 310 participants who had undergone TKR or who had confirmed OA
indications of TKR during 72 months of follow-up. The control group included another 310

participants for whom there were no TKR reports.

MRI images at bassline for both groups were extracted from the database and used to
construct the 3D MRI SSM using a similar method as mentioned above. After the training of
the model by manual segmentation on a training set, the information learned was used to
automatically segment the remaining images, and then the 3D SSM was constructed using the
AAM. Following the AAM search, the knee bone shapes of all participant bones in the study
were represented as principal components. The shape vector for each of the bones is
determined by drawing a straight line between the principal components of the average shape
of the OA and non-OA groups. The distance from the line is then reported: where the mean

non-0A shape was -1 and the mean OA shape was +1 as shown in figure 4-19.
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Figure 4-19. Femoral shape anterior and posterior views, where the shape vector -1 is the mean shape with no radiographic
OA and +1 is the mean shape with reported radiographic OA adapted from (52).

The results of the study showed significant differences in the femoral bone shape of the knee
joint at baseline between the group that had TKR during follow-up and the controls. The mean
bone shape vector for the TKR group was 0.98 (SD 1.51) and for the control group the mean
was -0.11 (SD 1.40) with an independent t-test p-value of <0.001, and the results for bone
shapes of the tibia and patella gave similar results. The authors concluded that 3D bone shape
was related to the critical patient outcome of TKR. The accuracy of prediction revealed here
supports the value of SSM bone measurements for implementation in future therapy studies

concerning disease-modifying OA treatments.

Given the promising results obtained from these studies, increasing numbers of researchers
have investigated the effectiveness of 3D MRI SSM as a reliable and precise method of
measuring the status of OA. A recent study by Bowes, Kacena (50) explored the benefits of 3D
bone shape SSM for the measurement of several clinically important outcomes associated
with OA. Baseline knee MRIs from 4791 participants in the OAl cohort, K&L gradings, pain

scores and TKR data for all of the participants were extracted from the same cohort.

The focus of this study was only the bone changes occurring in the femur bone; therefore, all
of the MRl images were automatically segmented to separate the femur using AAM. The SSM
was constructed to identify the OA bone shape vector. To do that, the MRI images were

divided into two groups according to the K&L grading for each participant. The OA group

116



included K&L grades >2 and the non-OA group included K&L grades of 0—1. When these groups
had been identified in the SSM, the OA vector was defined as the line passing through the

mean shapes of the groups with OA and those without it.

The authors aimed to generate a single quantitative measure to represent the variation in
bone shape. This score is known as the B-score, and it is represented by the distance along
the line of the OA bone shape vector as defined by the SSM. The initial B-score is 0 for the
non-OA group. Each unit of change is then defined as 1 SD difference of from the non-OA
group. This unit positively increases along the bone shape OA vector when moving towards

the OA group and depends on the change in the bone shape (see figure 4-20).
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Figure 4-20. Change in femur bone shape in the anterior femur in the upper row and the posterior femur in the lower row. The
red colours indicate increased changes in bone shape according to various B-score levels and blue indicates decreased changes
in bone shape adapted from (50).

This study focused on an assessment of the risk of OA clinical outcomes such as in pain,
function, K&L grade and TKR. The results showed that the risks of losing function and knee
pain along the B-score increased from 10% to 60%. The same results were noted for the risk
of TKR. On the other hand, logistic regression curves yielded similar results when the risk of
increased knee pain, loss of function and TKR were calculated across the range of K&L grades.
However, a wide range of B-scores was found for each K&L grade. For example, K&L grade 3

had a risk of pain of 34.4% (95% Cl: 31.7 to 37.0) and the B-score ranging from 0-6 at this K&L
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grade gave different pain risks in each range. For a B-score of 0 it was 17.0% (95% Cl: 16.1 to
17.9) while for a B-score 6 it was 52.1% (95% Cl: 48.8 to 55.4). Also, for the K&L grade 0, which
is radiographically considered to be normal, the risk of pain was 12% but, in the B-score risk

range from -2 to +2 it was 10% and 27%.

In conclusion, this study showed that, as a quantitative measure characterised by the B-score,
the 3D MRI SSM can represent the severity of OA morphological diseases. Additionally, it can
also detect early morphological changes associated with OA disease that are usually identified
as at K&L grade 2 according to the current radiographic gold standard. However, it was shown
that 31% of the participants in the OA group with a KL grade score of 2 had a B-score within
the range of the non-OA group. Furthermore, 8% of the participants with K&L grades 0-1,
which is the non-OA group, had a B-score range that classified them as being in the OA group.
That proves that the bone shape B-score is more sensitive than the current gold standard in
classifying patinates and detecting the severity of OA disease. It also has the advantage of
being independent of the reader, unlike the other techniques, and this dependence frequently

causes observational bias in the use of radiographic gold standard (50).

In summary, having reviewed the relevant studies, it is clear that the use of SSM has several
advantages, and it has been shown to be a novel method for investigating the morphology of
the knee joint. Moreover, the use of this method has helped to shift the focus towards the
role of the bone in OA, whereas previously the focus was mainly on cartilage. The application
of the 3D SSM shows that examining variations in bone shape over time provides a potential
new biomarker of OA progression. The use of this method was also able to detect changes
that occur in the early stages of OA which cannot be detected by radiography. Furthermore,
it is important to be able to visualise the knee joint in 3D and to examine the morphology of
the entire joint. Also, some of the studies reviewed categorised patients in an OA group when
they would have been categorised differently using the radiographic gold standard, showing
that this novel method is more sensitive in detecting changes associated with OA compared
to the current radiographic gold standard. Also, it has the advantage of providing an objective
analysis of measurements of bone area and shape, reducing the potential for bias in subjective

evaluations and making such analysis easier when there are large volumes of data.
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4.4.3 Use of SSM to explore ankle morphology
The success of SSM in research on knee OA has led to its use in musculoskeletal studies of

other joints. The ankle joint complex is one of the most anatomically complicated joints in the
human body, as described in chapter 3, and has recently attracted increasing attention.
Research using novel SSM methods to explore morphological variations in the ankle joint has
emerged in the past few years(218). Such studies identified in the literature search had
different objectives and used different medical imaging modalities to reconstruct SSMs of the

ankle. Only one of these studies used MRI, and the others used CT images.

The studies included in this review, as shown in Table 4-6, can be categorised as follows. Some
aimed to create and validate the SSM of the ankle joint complex and describe normal ankle
morphological variations, while others explored sex-related morphological variations and
side-to-side symmetry or exploring the ankle's morphological variations in relation to ankle
joint region pathologies. The next section reviews these studies in order to provide a
comprehensive overview of morphological variations in the ankle joint complex using SSM.
The objective is to establish the significance of these studies and their contributions to the

field of musculoskeletal research.

4.4.3.1 Validation of ankle joint complex SSMs and normal variations
Only one study by Grant, Diamond (356) used MRI images to create and validate an SSM of

the bones in the foot and ankle complex region. The study included 24 individuals whose foot
and ankle MRI images were manually segmented to identify the outer contours of the bones.
These contours were used to generate 3D point clouds, which were then registered and
analysed using principal component analysis (PCA) to produce the SSM, which describes the

variation in bone shape across the sample for all of the bones in the foot and ankle region.

To validate the accuracy of the SSM, the study used a leave-one-out test in which one
participant’s data were removed and the rest were used to reconstruct the model. The
excluded data was then used to test the model’s fit and generalisability using the root mean
square error (RMSE) and the Jaccard index test. The Jaccard index measures the similarity
between the model and the data, and a higher index value suggests a better model-data fit,
while RMSE assess the difference between projected and actual values, where a lower RMSE

indicates better prediction reliability for previously unseen bone shapes.
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The study found that reconstructions made with sparse anatomical data had a higher Jaccard
index and a lower RMSE, indicating the reliable and accurate reconstruction of the SSM. The
authors concluded that the SSM of the bones forming the foot and ankle joint complex can be
reconstructed with minimal error using full segmentation even with sparse anatomical

landmarks.

The remaining studies used other medical imaging modalities rather than MRI. Of these, three
studies published by a research group based at the University of Utah used weight-bearing
computed tomography (WBCT) to reconstruct the SSM of the ankle joint complex (47, 56,
357). The studies used the same population of 27 healthy individuals and explored different

anatomical parts of the ankle joint complex in each study.

The first study by Krahenbiihl, Lenz (56) aimed to explore the morphology of the bones
forming the subtalar joint and to assess JSW using SSM. To achieve this, the study used WBCT
images to segment the calcaneus and talus bones and generate 3D bone surface meshes.
These meshes were registered and transferred to volumetric datasets, and PCA was applied

to generate mean shapes and modes of variation for both bones.

The SSM analysis revealed that, for both the talus and calcaneus bones, seven PC modes were
found to be important, accounting for 65.5% and 69.3% of the total shape variation
respectively. Considerable morphological variation was detected across these important
modes for each bone. For instance, the first mode of variation of the talus bone, accounting
for 16.5% of the total variation in the model, represented variation in the population regarding
the existence or absence of the talar posterior process. The same mode of variation in the
calcaneus model accounted for 24.1% of the total variance in the model, and mainly showed
variation in the population regarding the AP length of the calcaneus accompanied by an
increase in the superior slope of the posterior facet. Other mode of variations showed other

forms of morphological variations in both bones.

In addition, the study quantified JSW for both the subtalar joint posterior and anteromedial
facets, with mean + SD measurements of 2.07£0.44mm and 1.60+0.26 respectively. These
findings suggest that, by using SSM, it is possible to quantify JSW in the subtalar joint and

detect differences in bone morphology between healthy participants.
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The second study by Lenz, Krdhenblihl (47) used the same population and imaging modality
as the first, but this time aimed to reconstruct the SSM in order to evaluate the morphology
of the bones forming the talocrural joint and the articulation regions of the joint.
Segmentation was performed on the three bones that form the talocrural joint: the distal tibia
and fibula and the talus. The same method as described in the previous study was used to

produce and analyse the SSM.

The results indicate that each bone has seven PC modes that represent variation within the
population. The sum of the seven modes of variation in the tibia, fibula, and talus described
78.2%, 74.8%, and 65.5% respectively of the total variation noted in each SSM. In the tibia,
the first PC mode represented variation in bone shape in the height of the medial malleoli.
Similarly, in the fibula, the first mode varied in the population according to the angle of the
articular facet of the lateral malleolus. For the talus bone, the first mode showed population

variation in the superior/inferior height of the talus bone.

It was also found that the tibiotalar and talofibular articulation surfaces had values of mean +
SD JSW of 2.15£0.41mm and 2.43+0.56mm respectively. The SSM demonstrated a highly
symmetrical talocrural joint with few inter-individual morphological variations at the articular
surfaces. Furthermore, the SSM was able to quantify the JSW of the two articulation surfaces

in the talocrural joint.

The third study published by Peterson, Lisonbee (357) used the same participants and imaging
modality to assess the subtalar, talonavicular, and calcaneocuboid joints by developing a
multi-domain SSM that includes the four bones forming these joints (calcaneus, talus,
navicular and cuboid). The model was then used to determine 3D joint measurements and
evaluate morphological and alignment variations in the bones. Two SSMs were produced
using similar methods as in the two previous studies but employing two different techniques
to construct single-domain and multi-domain SSMs. The former involved creating an SSM for
each of the four bones before integrating them into a single model, while the latter registered
all four bones together and retained their anatomical alignments from the weight-bearing CT
scans. The advantage of the latter approach is that it allows the assessment of both

morphological and alignment variations.
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The findings showed that three PC modes of variation accounted for 74.8% of the total
variation in the model. The first mode accounted for 63.8% of the total variation in the model,
while the second and third modes accounted for 6.3% and 4.7% respectively. In the analysis
of morphological variation, the first PC mode revealed differences in the sizes of all four bones,
while the second mode showed variations associated with the length of the calcaneus.
Meanwhile, the first PC mode for variations in alignment involved overall outward and inward
movement between the bones, whereas the second mode concerned superior and inferior

movements of the four bones.

The values of joint space width (JSW) for the subtalar, talonavicular, and calcaneocuboid joints
were reported to be means + SD of 3.33 £ 2.06, 1.32 + 0.43, and 1.67 + 0.62, respectively.
These JSW measurements did not change when assessed across all modes of variation using
both the alignment and morphological models. The authors concluded that the employment
of a single multi-domain approach when producing the SSM allowed for the separate
assessment of variations related to both alignment and morphology. Furthermore, both
morphology and alignment variation models have the potential to predict similar and reliable

JSW measurements within a population.

Overall, the three studies highlighted the potential of SSM as a tool in exploring morphology
and alignment, as well as the easements, of the JSW in the anatomically complex ankle
complex region, which comprises several overlapping bones that form joints that are essential
but challenging to evaluate using conventional 2D methods. However, while these studies had
the advantage of examining the ankle complex region in a weight-bearing position, they share
some limitations mainly associated with the population studied. For example, all three studies
showed significant variations in morphological and joint measurements across the population,
but the generalisability of these results is limited owing to the small sample size and the

absence of an explicit sampling frame.

Moreover, it is unclear if the morphological variations identified among participants were
attributable to differences in sex or body size, since such associations were not tested. This is
possibly due to the small sample size and unequal sex ratio (20 females and 7 males), which
precluded full statistical analysis. Therefore, further research using larger samples is necessary
to build on these findings and deepen our understanding of the morphology of the ankle

complex region.
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4.4.3.2 Use of SSM to assess variation due to sex and side symmetry in ankle morphology
As seen in chapter 3, sex-related morphological variations in the ankle joint are important and

are normally assessed using pre-defined measurements from cadaveric specimens. The
literature search revealed two studies that aimed to reconstruct SSMs to exemplify the bone
morphology of the ankle complex and to evaluate sex differences and side-to-side symmetry.
The first study was conducted by Timer, Arbabi (57), who manually segmented 66 bilateral CT
scans of the ankle (55 male and 11 female, ages: 61 + 10 years) to produce separate SSMs for
each of the four bones: the distal tibia and fibula, talus, and calcaneus. They then used PCA to
generate a mean shape and modes of variation for each bone. To assess sex-related
differences, the left and right bones were combined into a single group, and an analysis of

covariance (ANCOVA) was used to adjust for age.

The results showed significant sex differences in bone shape, with different PC modes for each
bone model. For example, in the first PC mode for the tibia, males had larger lateral and medial
condyles than females (P = 0.003), whereas the first PC mode for the calcaneus showed that
females tend to have longer and higher bones (P < 0.001) and for the talus the 8th PC mode
showed that the posterior part of the bone was larger in males (P = 0.001). Additionally, no
side-to-side morphological differences were found, indicating that both sides of the bones

that make up the ankle complex region displayed identical shape patterns across genders.

The study concluded that there was no directional asymmetry in any of the bones studied.
They also found sex-related variations in bone shape, but these did not account for a
significant portion of the variation identified by the SSMs. In future studies, it may be useful

to explore other factors that contribute to bone shape differences.

The second study was recently published by Gabrielli, Gale (55) and aimed to evaluate
morphological differences between male and female ankles and to assess the symmetry of
the left and right ankles using SSM. Bilateral ankle CT scans were used from 20 healthy
individuals (10 males and 10 females, age 30.7 + 6.3 years) to reconstruct an SSM of the bones
in the ankle complex region. To create the SSM, the authors performed manual segmentation
and registered all 3D surfaces, and then applied PCA to produce a mean shape and modes of

variation.
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The average distance between matching points on the left and right bones for each participant
was calculated to evaluate side-to-side variation, and a t-test was used to analyse the
differences. Also, to assess sex-related differences, the authors produced typical SSMs for
males and females representing each bone in the ankle complex region (tibia, talus, and
calcaneus), and co-registered the models for each bone for both sexes. The differences
between male and female bones were calculated by subtracting points from the typical male

bone model from points on the typical female bone.

No statistically significant side-to-side variations in bone morphology were found in this
sample. Also, while there were no obvious differences between the sexes in the morphology
of the talus bone, the distal tibia bones of males were generally larger than those of females.
Additionally, there were sex-related differences in the calcaneus bone, with females having

bones of greater length, but which were thinner compared to males.

The use of SSM can help in categorising bone morphology and may provide a more precise
guide for the surgical restitution of native ankle morphology from an examination of the
contralateral ankle. These findings have important implications for the understanding of ankle

morphology and surgical intervention.

The studies by Gabrielli, Gale (55) and Timer, Arbabi (57) both employed a novel method to
investigate morphological differences in ankle bone structure between males and females and
to assess side symmetry. Their findings offer valuable insights, particularly in relation to sex-
related variations in a population. Furthermore, such findings can inform decisions on surgical
intervention and contribute to our understanding of the morphology of the ankle complex.
However, their limitations include small sample sizes and significant age differences among
participants which may compromise the generalisability of the results. Tliimer et al.s small
sample with a significant variation in the number of males and females (55 and 11
respectively) may also limit the accuracy of the model used to determine sex-related variation
because it was trained on more examples of male bones. In addition, neither study explored
the association between body anthropometry and variations in bone morphological in both
sexes. it is important when investigating sex-related variation to differentiate between

variability related to sex or body size.
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Despite these limitations, it is important to gain a clearer understanding of sex-related
variations in the morphology of the ankle joint complex. Doing so would be of great
significance in various fields, including surgery planning, sports injury prevention, gait analysis,
and forensic science. Future studies using SSM to assess sex-related variations in ankle bone
structure should aim to overcome these limitations while providing greater clarity on whether

variations observed are due to sex or body size.

4.4.3.3 Use of SSM to assess pathological variations in ankle morphology.
Another benefit of using SSM is that it makes it possible to quickly quantify and compare

complicated anatomical areas and to analyse the bone shapes, which enables researchers to
identify and characterise small variations in bone morphology that might be related to specific
pathologies. Two studies have aimed to explore the differences between participants with
ankle pathologies and healthy controls. The first study, by Tiimer, Blankevoort (358), explored
the morphological differences between 35 participants diagnosed with osteochondral defects
matched to 35 controls. They used CT scans to reconstruct two SSMs for the talus and distal
tibia bone, and PCA was used to derive the mean bone shape and modes of variance. The
statistical ANOVA test was used to explore variations in bone shape represented by the modes
of variance between the groups. Each PCA mode that a showed significant difference was then

visualised and described.

The results showed that the first five modes of variation in the distal tibia SSM explained 40%
of the variance and in the talus the SSM explained 49% of variance. In the distal tibia model,
the first mode of variance showed significant difference between the groups (p<0.0001)
where the osteochondral defect deviated towards the -SD of the first mode of variation,
representing enlargement and narrowing in the tip of the medial malleolus bone. In the talus
SSM, only the fifth PC mode yielded significant differences between the groups (p=0.004). The
osteochondral defect deviated towards the -SD, which represents a decrease in the size of the
talus dome and an increase in the vertical neck angle. The authors concluded that bone shape
variations exist between the osteochondral defect and control groups, which suggests that
the morphology of the talocrural joint as assessed by SSM can be used to identify bone

variations that may represent a biomechanical risk factor for osteochondral defects.

The second study by Timer, Vuurberg (359) explored morphological variations in the talus and

calcaneus bones which form the subtalar joint in participants with chronic ankle instability
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and healthy controls. Ankle CT scans of 26 participants diagnosed with chronic ankle instability
and 26 healthy controls were used to produce two statistical shape models (SSMs), one for
each bone. The SSMs were reconstructed and analysed using similar methods as the authors’
previous study. Bone shape as represented by the principal component modes of variation

was analysed using ANOVA to determine which modes showed significant variation.

The study found no significant difference in the bone shape of the calcaneus and talus bones
between ipsilateral chronic ankle instability and their contralateral ankle. For the calcaneus,
the first five principal component modes described 49% of the total variance, and for the talus,
the first six modes described 40% of the total variance. These modes of variance were used

for statistical analysis.

For the calcaneus, principal component mode 3 showed significant (p=0.003) bone shape
differences between the disease and control groups. The former deviated towards the -SD,
which represents a more distally located medial tuberosity and a centred lateral tuberosity,
which is different from the control group that showed a less extended tuberosity. Regarding
the talus bone, the second principal component mode showed significant differences
(p=0.001) between the groups. The disease group deviated towards the +SD, representing
anterior reductions in the angle of the neck of the talus relative to the body of the bone,

whereas in the healthy group that angle increased.

These morphological variations in the shapes of both bones between healthy and diseased
ankles indicate that such morphological variations may increase the risk of the development
of chronic ankle instability. The findings suggest that the construction of SSMs using mixed
data from the two groups enables the identification of variations in shape that may increase

the risk of disease.

These studies by Tuimer et al represent the only so far studies which assessed the
morphological variations between pathological and normal ankles using SSM, using methods
similar to those employed in assessing variations in knee joint morphology in OA and non-OA
participants. SSM usually requires a substantial amount of data for training in order to be
effective, and this can be difficult to acquire in some circumstances. Therefore, the main
limitation of such studies is their low sample size, which may affect the ability of the model to

identify in detail any variations between groups. When aiming to explore the differences
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between a diseased group and healthy controls, a larger sample that includes participants
with diseases at different stages will enable the model to better capture important variations.
In general, however, the use of machine learning methods such as SSM makes it possible to
guantify complex anatomical structures, giving researchers a more in-depth understanding of
size and shape variations in diseased and healthy groups. One of the main advantages of SSM
is its capability to precisely determine small variations in morphology that might be
challenging to recognise using conventional manual methods. This can be especially helpful in
the detection of the early symptoms of disease and the tracking of disease development over
time.

4.4.4 Conclusion

This section has reviewed studies that have used SSM to evaluate the morphology of the knee
and ankle joints. The findings clearly demonstrate the strong ability of SSM to quantitatively
evaluate the morphological structure of joints, particularly in research focused on knee OA.
Where SSM has been used on large datasets with participants from all stages of the disease,

the production of such promising results qualifies it as a reliable imaging biomarker for OA.

Regarding the ankle, previous studies aiming to assess the morphological variations in the
ankle complex have used 2D radiographs or measurements on cadaveric specimens, as
described in chapter 3. Such methods have limitations in accurately assessing variations in the
morphology of a 3D object such as the ankle complex region which involves triplane motion
and multiple overlapping bones. However, the application of SSM can overcome these
limitations in assessing the morphology of the ankle complex region. However, research using
SSM to evaluate the morphological features of the ankle joint is still a new area of research.
Even though the majority of studies reviewed were published within the last three years, they
have already provided a deeper understanding of the normal and pathological morphology of
the ankle joint complex compared to other conventional 2D methods, to an extent

comparable to what has been shown in studies using SSM and focusing on the knee joint.

It is important to note that all of the studies reviewed here, and in particular those focusing
on the ankle region, have limitations that should be taken into account. The most significant
limitations are small sample size and sampling frame, where in some studies convenience
sampling is used while others provide no explicit sampling frame, and this could affect the

generalisability of the results. Also, a smaller sample may not detect or reflect all
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morphological variations between populations, potentially leading to both type | false-positive
errors or type Il false-negative errors. Furthermore, as discussed in chapter 3 age, ethnicity,
body size and sex are further important variables that should be taken into account when
exploring these morphological variations. Such variables were not considered in the majority
of the reviewed studies, and more comprehensive research could provide more accurate and
detailed evaluations of morphology patterns and help in explaining differences between

populations.

In addition, this review explored whether or not existing studies have used SSM to evaluate
morphological variations in ankles between participants with knee and hip OA and those
without. As explained in chapter 2, variations in ankle and foot morphology could lead to
increased mechanical stress on both the knee and hip joints, potentially affecting the onset or
progression of OA. To the best of the present author’s knowledge, no studies have explored
such associations. Therefore, the use for this purpose of data from the Newcastle Thousand
Family Study (NTFS) presents a valuable opportunity to study morphological variations in the
ankle complex region in a population-based study with a large and representative sample. The
NTFS is discussed in more detail in chapter 5, and this study aimed to use its database to
produce SSMs from ankle MRI images and to evaluate sex-related variations between
participants of the same ethnicity background and age. The interrelation is also examined
between morphological variations and OA in other lower limb joints as defined by

radiographic and clinical data available for the same participants in the cohort.
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Chapter 5 Methods

This chapter provides a detailed description of the methods used in this research. To begin,
the NTFS cohort is introduced, which served as the primary data source for this study. The
clinical assessment that was conducted and the types of data that were collected are
described, and the specific data that were used in this research are clarified. Next, the
methods that were employed to extract data from both the NHS and the NTFS databases are
outlined. All necessary approvals that were obtained are listed. The methods used in
reconstructing the SSM to quantify morphological variations are then detailed. Finally, a
thorough description of the statistical analysis tests and methods that were used in the study

is presented.

5.1 Primary data source:
Newcastle Thousand Families Birth Cohort

5.1.1 Origin of the study
Spence and Miller (360) report concluded that high rates of infant mortality in Newcastle upon

Tyne during the 1930s resulted from acute infections. To investigate further, the Newcastle
Thousand Families Study (NTFS) was initiated. This unique study examines a cohort of babies
born in May and June 1947 in the same city, providing valuable comparisons for the
researchers involved (361). Later, researchers determined that they needed to follow

participants throughout their lives, adding further value to the study.

In May and June of 1947, the Newcastle Thousand Families Study recruited all 1,142 babies
born in the city of Newcastle upon Tyne, representing the entire social strata of the city (361).
Although originally intended to follow participants for one year, the study continued through
their childhood and now includes nearly 80 years of follow-up (58). This extensive follow-up
has provided valuable insights into the causal relationships between childhood and adult

health conditions.

In 1947, Newcastle upon Tyne had a population of nearly 300,000 people, with a high birth
rate and migration from neighbouring towns and villages for work (362). The demand for

unskilled labour was significant, as the area looked to rebuild itself after the destruction of the
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Second World War. This period also saw an increase in marriage rates and the number of

families in which children were born (362).

The sample for this study was influenced by the historical context in which it was conducted.
The study was initiated two years after the war, when birth rates were lower resulting in
smaller families. In fact, almost three-quarters of the cohort were from families with only one
or two children, a much lower number than before the war. Living conditions in the city were
challenging, with inadequate housing and sanitation. A report from 1865 revealed that many
families lived in a single room, and most homes did not have indoor toilets. During this time,
Newcastle had the highest annual death rate in the country, at 36.7 per 1000 people. However,
infant mortality rates decreased significantly from 1873 to 1947, dropping from 186 per 1000
births to 44 per 1000 in 1947 (362).

The study’s initial data set, collected over 15 years, was presented in three separate
books(361-363). The researchers were initially required to visit families, observe living
conditions, and discuss the children’s health with their parents (361). At the time, the
researchers determined that there was a strong need to follow these children as they grew up
in and outside of the community. The research team, comprised of trained health visitors and
paediatricians, made numerous follow-up visits to record data for antenatal records. These
records were initially created during a visit from a clinician after birth (58). The team followed
967 babies until age one, 847 until age five, and 750 during their school years, with the
intention to examine the relationship between weight, height, living situation, socioeconomic

situation and health statues (58).

The family visits involved the observation of children and documentation of their socio-
economic circumstances. The team conducted visits every six weeks when the children were
babies and every three months until they turned five. In addition to observing the children,
the team recorded details of the family’s socio-economic situation and lifestyle. This
assessment was made at the beginning of the study and updated regularly after visits from
the research team. Furthermore, the children received formal examinations by a paediatrician

at ages one, three, and five (58).

As the children entered school, their height, weight, and reported illnesses were recorded in

addition to other data. The study team flagged participants’ medical records in primary care
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settings to identify healthcare incidents and code them appropriately. This approach resulted
in detailed data collection, including marking GP records to inform the team of emerging
health events. The use of a red dot on medical records earned the children the nickname ‘red
spot babies,” and this designation is still used today. During the period in which the study was

dormant, the existing records were stored in the Newcastle City Archive (58).

In 1997 the study was resumed, and all members of the cohort who were traced were sent a
health and lifestyle questionnaire and asked to attend for a health examination. Of the 574
who completed the questionnaire, 412 participated in a clinical examination that included
assessments of serum, bone density, and other clinical measures(58). Those who participated
in the ages 49-51 were representative of the original cohort, although the gender balance was
slightly skewed (364). Notably, 18% of participants lived outside the North of England,

enhancing sample representativeness (58).

A strength of the NTFS cohort is that it focused on children born in a single UK city after World
War Two. The study was highly comprehensive due to its focused geographical region and
minimal attrition rates. Notably, the study had very low dropout rates during childhood. The
main strength of the study lies in the continued relationship between participants and the
study team, allowing for lifelong tracking of the participants’ development. This study is
significant for its ability to provide detailed insights into the lives of individuals from a specific

time and place (58).

Furthermore, the longitudinal design of the study has allowed for the collection of extensive
data on lifestyles, health behaviours, and medical histories of participants(58). Multiple
epidemiological studies have been published using such data. The common thread found in
these studies is that risk factors in adulthood seem to have a much greater impact on the
development of a variety of disease outcomes by the age of 50 than do variables from early
life. The results of these studies have influenced public health policies and interventions
targeted at lowering risk factors and enhancing adult health outcomes. In the context of this
thesis, follow up data from the ages of 62-63 years were used. A detailed description of the

specific data used is presented in the following sections.

131



5.1.2 Age 62/63 cohort follow up
The follow-up of those aged 49-50 that took place from 1997-98, resulted in 832 participants

being traced using several methods. Of a total of 574 participants who returned the
guestionnaire, 412 engaged in the clinical assessment. The data collected from that review
resulted in the publication of more than 45 peer-reviewed papers. Given the quality of the
data produced from such a review in 2009-11, a follow-up of the 62-63 years age group was
undertaken. Ethical approval was granted by Sunderland Research Ethics Committee (REC
reference 09/H0904/40), and all participating study participants gave informed written

consent.

The protocol for the most recent follow-up was similar to the age 50 follow-up. This included
a health and lifestyle questionnaire and a clinical assessment visit. The number of study
members traced for the most recent follow-up was 741. The self-completion questionnaire
was posted to participants and, of the 741 approached, 433 returned the questionnaire and

350 attended for clinical assessment.

The clinical assessment took place at the Clinical Research Facility (CRF), Royal Victoria
Infirmary (RVI), Newcastle upon Tyne. A wide range of assessments was carried out during the

visit which included:

e Cardiovascular assessment

e Musculoskeletal assessment

e Assessment of cognition.

e Assessment of hearing function

e Assessment of respiratory function

e Assessment of oral health

e Collection of blood, serum, and urine samples.
5.1.2.1 Health and lifestyle questionnaire
During the age 62/63 cohort follow-up, 433 out of 741 study cohort members who had been
traced completed the questionnaire. The questionnaire was printed and sent to the
participants with clear instructions on how to answer each section. After completion of the

guestionnaire, the participants then sent it back to the NTFS team. Various aspects of the
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participant’s health and lifestyle were covered in the questionnaire, which contained a total

of 214 questions divided into 12 general sections which are as follows:

Work, retirement, home, and family
Smoking

Alcohol use

Diet

General health

Women'’s health

Men’s health

Physical health

. Mood

10. Family health

11. Income

12. Updated contact information

© O NV A WNE

After the questionnaire was returned, the NTFS team transcribed and saved all data
electronically in a secure database while keeping all paper questionnaires stored as well. The
focus in this thesis is only on data relevant to the aims and objectives of this research which
were determined after a review of the literature. The data used from both the self-report

guestionnaire and clinical assessment visits are detailed below.

5.1.2.2 Dominant body side
According to the Miller-Keane Encyclopedia and Dictionary of Medicine, a person’s dominant

side is that which is stronger and more frequently used in daily activities. The determination
of the dominant side has been a debated topic in the literature, but the self-report is
considered to be one of the best methods (365). In the NTFS Health and lifestyle
guestionnaire, participants were asked which side they preferred in the use of their hands and
feet in the section on physical activity. This information is relevant to this thesis because the
MRI protocol requires the scanning of the dominant hand, wrist, knee, and ankle. Therefore,
information about the dominant side of each participant was available both from scanning

and the data extracted from the questionnaire.

5.1.2.3 Knee, and hip pain
In the general health section, questions included joint pain at the time of questionnaire

completion. The questions focused on all joints; however, hip and knee joints were of
particular interest. Participants who had pain on the day could tick which joint(s) were affected

and on which side: left, right or both. However, data for these questions were extracted for
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analysis only for the ipsilateral side of the MRI images and were used as categorical
explanatory variables. This means that the answers for the side of each joint for each

participant were chosen depending on the dominant side scanned by MRI.

5.1.2.4 WOMAC
The physical health section of the questionnaire included those for the Western Ontario and

McMaster Universities Osteoarthritis Index (WOMAC; version 3.1) as part of the
musculoskeletal assessment. As described in section 2.5.1, WOMAC is a validated tool which
evaluates three domains: pain, functioning, and stiffness of the lower extremity joints. The
tool is a questionnaire containing a total of 24 questions in three categories. The function
section has 17 questions, and there are 5 and 2 questions respectively to assess joint pain and
stiffness. The index uses a scale from 0-10 for each question. For example, pain questions scale
from 0 (indicating no pain) to 10 (indicating extreme pain). The pain section includes questions
assessing pain during specific activities, while the stiffness section assesses stiffness during a

specific time of day whereas the function section scales difficulties with specific activities.

For this thesis, the data were analysed by calculating the sub-score for each category and
generating a total WOMAC score representing the total of all three sections for each
participant out of 240. Participants were separated into four categories of severity for each
domain (none, mild, moderate, and severe). The data were used as categorical explanatory

variables.

5.1.3 Age 62/63 clinical assessment

5.1.3.1 Height and weight
During the age 62/63 review, height and weight measurements were taken of all NTFS

participants during visits to the CRF for clinical assessments. Weight was recorded using a
calibrated SECA digital scale, with participants wearing light clothing and without jackets or
shoes. Measurements were rounded to one decimal point according to the protocol. Height
was measured using an electronic stadiometer, with participants standing upright without
shoes, and recorded to the nearest centimetre. Before taking measurements, all electronic
scales were calibrated according to the manufacturer’s recommendations. Participants’ BMI

was calculated using weight (in kilograms) divided by height squared (in metres).
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5.1.3.2 Magnetic resonance imaging (MRI)
Of 354 participants attending the clinical assessment, MRI scans of the knee, hand/wrist and

ankle were performed on 281 participants. Not all participants had all three joints scanned
due to prespecified exclusion criteria in the protocol. All 281 participants had hand/wrist
scans, 258 had knee scans and 277 had ankle scans. Exclusion criteria included MRI
contraindications (the presence of a pacemaker, ICD, aneurysm clip, cochlear implant, orbital

metal fragments, metallic heart valve/stent, aortic stent, and joint metalwork).

MRI scans were performed on each joint on the dominant side and were carried out at the
CRF in the Royal Victoria Infirmary (RVI). The scans were performed by a research radiographer
using a 0.2T Esaote C-Scan dedicated extremity MRI scanner with gradient echo-based T1
imaging allowing 3D reconstruction. The MRI scanner's quality was assessed by following the
quality assurance protocol established by the Radiology department at the RVI. Every week, a
dedicated quality assurance test was conducted on the MRI machine, using a specialised MR
phantom as per the manufacturer's operating specifications detailed in the user manual. Such
tests primarily aimed to ensure the scanner's safety, evaluate image quality, and assess
parameters like the signal-to-noise ratio. The regular performance of these quality assurance
tests is crucial in ensuring the safety and reliability of the MRI scanner, as well as maintaining

the quality of the images produced.

The peripheral scanner allowed the imaging of the relevant joints without the potential for
inducing claustrophobia. The sequences included gradient echo-based T1 imaging allowing
for 3D reconstruction. The MRI scanner had specific coils for each body part scanned. For the
MRI scan of the ankle joint, the participants were positioned on a couch with the MRI machine
centred on the tibiotalar joint. Soft sponges were used to help with immobilisation. Sagittal,
coronal, and transverse images were obtained. Images of the knees, wrists and hands were
also obtained. The scans took 45 minutes to complete, while an ankle joint scan required 6-7
minutes. All scans were then stored electronically in the Picture Archiving and Communication
System (PACS) of the Royal Victoria Infirmary using the participants’ NHS numbers.

5.1.3.3 Radiography for K&L grading and JSW of knee and hip

As part of the most recent clinical assessment, attending cohort members had radiographic
images taken of the knee, foot, and hand/wrist. Of 354 participants attending for clinical

assessment, 324 participants had both knee and foot radiographic images.
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Radiographs were acquired in the RVI's radiology department. The imaging protocols used are
as mentioned in section 4.2.3. Three weight-bearing radiographic views of the knee were
obtained for each participant: bilateral PA, lateral and skyline images, while only the AP view
was obtained for both feet. All radiographic images were obtained by a research radiographer
and then stored in the hospital’s PACS system using the participants’ NHS numbers. For this

study, only the radiographic images of the participants’ knees were included.

5.1.3.4 Dual-energy X-ray absorptiometry (DXA) scan
The clinical assessment included dual-energy X-ray absorptiometry (DXA)in the Clinical

Research Facility. Using an iDXA (GE Lunar, Madison, WI), patients were lying down in a supine
position wearing only a medical gown. Images were obtained from several anatomical regions
of the participant’s body including the whole body, right and left hips, lower limbs, and spine.
DXA scans allow the measurement of both bone mineral content (BMC) in grams (g) and bone

mineral density (BMD) in g/cm?.

DXA images are usually used clinically for the diagnosis and classification of conditions such
as osteopenia and osteoporosis, and are not commonly used to classify or diagnose hip OA.
However, in the NTFS, the advanced technology of a high-resolution DXA scanner (iDXA) was
permitted for use in assessing OA features in the participants’ hips. This can be justified based
on the results of studies that have investigated its reliability which have been discussed in
section 4.2.3. Also, since the NTFS aims to investigate multiple musculoskeletal diseases such
as OA and osteoporosis, DXA scans can give the desired results while exposing subjects to less
radiation, which is preferable ethically. Therefore, in the NTFS, DXA images were used to

measure BMD, grade hip OA, and measure hip joint space width (JSW).

5.1.4 Assessment of radiography and iDXA images for OA
All radiographic images were assessed for OA within the joints. The tibiofemoral knee joint

was assessed in an evaluation of the radiographic images for both sides according to the K&L
scoring system (13), which is an internationally recognised standard radiographic grading
system for OA as previously described in section 4.2.4. Key radiographic features such as the
presence of osteophytes, bone sclerosis and other features in the knee x-ray images were
taken into consideration when grading the participants. The original atlas of images published
by Kellgren and Lawrence was used as a guide so as to ensure accurate scoring (13). Eventually,

each joint was then given an overall score indicating the severity of OA in that specific joint.
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The threshold used to determine the presence of radiographic OA in the joints was set at an
overall K&L grade >2, which is similar to the generally accepted criteria in the literature as

previously described in section 4.2.4.1.

As assessment of radiographic joint space width was used alongside the K&L scoring system
for the knee joint. The measurements of minimum joint space width (mJSW) were scored to
the nearest 0.1mm. This technique is used to measure the minimal distance between the two
bones in the tibiofemoral joint, where the joint space width is determined as a composite
surrogate for cartilage loss in the joint on both the femoral and tibial sides. This is a reliable

method, according to studies mentioned in section 4.2.4.

The hip joint was assessed for the severity of OA in a different way than described above for
the other joints. A modification of the internationally known K&L scoring system known as
Croft’s modification was used to grade the high-resolution iDXA images of the hip (Croft,
Cooper (14). The Croft modification uses grades from 0 to 5, where 0 indicates no changes in
osteoarthritis and 5 is categorised as end-stage OA. More details on this grading system and
its reliability are discussed in section 4.2.4.1. The threshold used to determine the presence
of radiographic OA in the hip was set at an overall Croft modification of K&L grade >2. Hip
minimum joint space was also calculated to represent the minimum distance from the margin
of the femoral head to the acetabulum using the same technique as described by Croft,

Cooper (14).

Two independent trained researchers (Hussam Ahmed and lain Goff) analysed and graded all
of the radiographic images of the knee and hip joints. To ensure the reliability of radiographic
assessment both inter-rater and intra-rater reliability were assessed for both individuals and
all gradings used. The results showed that Kappa inter-rater reliability was moderate for
radiographs of the knee, and moderate-to-strong for the hip images, and intra-rater

agreements yielded similar results (366).

5.2 Data extraction
A protocol for the data extraction designed by the author explains the procedures followed to

extract all relevant data needed for the research. Data was held in two separate databases:
the secure database for the NTFS study; and the Royal Victoria Infirmary PACS system. Each

database requires specific approval methods for data access that needed to be gained prior

137



to data collection. The next sections explain in detail the process of data extraction, describe

the approval gained, and summarise the protocol used.

5.2.1 Data access approvals

5.2.1.1 NTFS data access agreement
The main source of data in this research is the NTFS cohort study. An agreement for access to

this data was requested and approved. The research proposal was submitted to the NTFS
management team stating the aim and objectives of the study and the type of data needed.
After the completion of all of the procedures required, the data access agreement was signed
by the NTFS management team and the author which allowed access to the data required to

fulfil for the purpose of the research.

5.2.1.2 Collaboration agreement
The core MRI data used in this research is analysed using advanced machine learning

technology. The technology allows the generation of 3D SSMs of anatomical areas and has an
extensive evidence base. One of the leading companies that developed this technology is
Imorphics Ltd, based in Manchester. Their previous work using this technology has been
shown to be promising in several publications focusing on the knee joint which are reviewed
in section 4.4. Therefore, a collaboration agreement was signed allowing for a collaboration

to produce the SSM.

5.2.1.3 NHS research passport
To conduct this study, the author required access to radiographic and MRI medical imaging

data. While the NTFS databases contained all of the other required data, these images were
stored in the PACS system of the RVI where the latest cohort follow-up was undertaken.
Previous analysis had been completed on DXA images which were already stored in the NTFS

database and did not require re-extraction.

To gain access to the necessary medical imaging data, the author needed to obtain a ‘research
passport’. This process allows non-NHS staff to apply for access in order to conduct research
activities within the NHS or using its data. The author completed and submitted a request to
the NHS which briefly introduced the study and outlined the planned research activities.
Approval of the request was delayed due to the COVID-19 outbreak as described in section
1.4 but was ultimately granted (Research Project No: 03748). Once the author had gained

approval for the research passport, an NHS smart card was also obtained so that access could
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be gained to NHS facilities. Additionally, an NHS IT account was set up to gain access to the

relevant data.

5.2.2 Data extraction protocol and procedure
Before the extraction of data, a protocol was designed by the author to plan the work to be

undertaken in order to provide assurance concerning the quality of all data extracted and to

manage the data. The protocol has six sections as detailed below.

5.2.2.1 Extraction of initial NTFS information
In searching the PACS system for the MRI data required, the names, dates of birth, and NHS

numbers of the 281 participants who underwent MRI scans during clinical assessment needed
to be extracted from the NTFS database. The MRI images are the core data in this research,
and so the data extraction process focused solely on those who had undergone MRI scanning.
Once the initial information was extracted from the study database, the data were organised

in a password-protected Excel sheet and stored on a password-protected external hard drive.

5.2.2.2 PACS training
In order to navigate the PACS system efficiently, the author attended two training sessions

organised by the RVI PACS department. The first session involved learning how to use the
INFINNIT PACS software and to navigate the system using an IT account. Knowledge was also
gained on how to search for data using a participant’s name, date of birth, and scanning dates.
The second session covered the extraction of imaging data in DICOM format and operating
the anonymisation feature to ensure participant privacy. The PACS manager, Keith Lennox,
delivered the training sessions and authorised the author to extract the data required.
5.2.2.3 Organisation of the workload

Due to the large volume of data to be extracted, the protocol required the workload to be
suitably organised. In order to ensure high-quality data extraction, data for only 10
participants were extracted per day. This approach minimised the risk of errors and allowed
sufficient time to assess the quality of the MRI images for each participant.

5.2.2.4 Searching the PACS system

Specialized monitors are essential for accurate and consistent visualization of images from
PACS. The EIZO RadiForce RX370 with a 3-megapixel resolution and DICOM compatibility was
used to visualize and extract the images. This monitor undergoes a daily quality assurance test

to ensure reliable and high-quality image interpretation. The built-in software, RadiCs,
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automatically performs the test when the monitor is turned on. These tests include daily
calibration, precision assessment, and evaluation of contrast and colour reproduction, all in

accordance with the manufacturer's specifications.

To initiate the search process each day, the initial information for the 10 participants
scheduled for data extraction that day was identified. The protocol required the PACS system
to be searched using the participant’s NHS number. The PACS system contains all previous
imaging information for each participant, and the results were expected to contain procedures
from various diagnostic imaging modalities. Therefore, the next step was to filter the results
to include only those showing scans on a specific date. The scan date for each participant was

available in the initial data extracted from the NTFS database.

Participants’ names and dates of birth were also cross-checked to ensure that the information
shown on the MRI image matched the information for each participant. This ensured the
accuracy of the data extracted for each participant.

5.2.2.5 Image quality check

The quality of the images obtained needed to be checked during the extraction process, since
they had not been reported or checked previously. Also, since the MRI device used in the NTFS
is an extremity MRI scanner with a low field strength of 0.2T, which might affect the image
resolution. The images were visualized and extracted in a dedicated workstation that provides
a controlled viewing environment where the room lights are dimmed. This helps minimizes
glare and reflections on the monitors, which could otherwise affect the assessment process.
A checklist was developed to ensure the quality of the images which focused on the number
of bones included in the scan, available views (axial, sagittal, and coronal), presence of image
artefacts, and image resolution. Having identified each participant’s image assessed its quality,
its level of acceptability for inclusion was noted. All images were extracted, regardless of
quality, in order to solicit additional input from the research team.

5.2.2.6 Anonymisation and storage of the data

Once each participant’s MRI image had been identified and a quality assessment completed,
and before transfer and storage of all of the images, they were ‘de-identified’ so as to protect
the participants’ personal information. The DICOM image anonymisation tool available in the

PACS system automatically removes all information and labels from the header and image
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pixel data. The use of this highly customisable tool allowed the author to rename the images

using specific codes for each participant.

After anonymisation, the images were extracted as DICOM files and stored directly in a
password-protected hard drive. When the steps described above had been completed for all
281 participants who underwent MRI scans during their clinical visits, all anonymised imaging

data were transferred to the NTF study database.

5.3 MRl data included in the analysis
The aim of this study was to include all participants who had an ankle MRI scan taken during

their clinical assessment visit. Inclusion criteria were systematically assessed and determined

by the author and research team, based on the following criteria:

e Acceptable quality of ankle MRI images for the construction of 3D SSMs.
e Availability of clinical data (participants excluded if questionnaire data was missing).
e Availability of radiographic and DXA imaging for hip and knee assessment (participants

excluded if images were not available).

The PRISMA chart in figure 5-1 shows the inclusion and exclusion of participants for whom

ankle MRI images.
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Records of the NTF study showed
that 281 participants had attended
the clinical assessment and had at
least one joint scanned using MRI
Total: n=281

l

Records show that of the 281 participants
only 277 had their ankle scanned.
Total n=277
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All ankle MRl images
have been extracted from
the PACS system

Total n= 277
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All 277 participant have
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reviewed by other
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in the study depending on
MRI

— Total n =206
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Figure 5-1. PRISMA chart showing the participants’ ankle MRI scans which were included and excluded.
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5.3.1 Extraction of clinically relevant data for the participants included
After the identification of the 206 participants, their relevant clinical, radiographic and DXA

imaging data for the hip and knee joints were extracted. In this process, the NTFS database
was searched using each participant’s study number and cross-referencing with their name.
Data for a total of 24 clinical variables for each participant were extracted and securely
organised, coded, and saved on an electronic server. A summary of the variables involved is

presented in table 5-1.

Table 5-1. Summary of the clinical variables considered in the research.

Variable name Variable name

Gender K&L score for left right, and dominant side knee
Height Croft score for left right, and dominant side hip
Weight BMD spine

BMI BMD lower limbs

Dominance side BMD right femur neck

WOMAC pain BMD right femur total

WOMAC function
WOMAC stiffness
Left, right, and dominant side hip pain

Left right, and dominant side knee pain

5.4 Reconstruction of ankle SSM
Active appearance modelling (AAM) is a type of statistical shape modelling that incorporates

both the shape of a structure and its appearance. AAM was introduced by (345) and has been
widely used in the analysis of medical images. An AAM is developed using a supervised
machine learning technique in which principal components analysis (PCA) is applied(367). The
main aim is to use AAM to characterise and detect variation in shape by applying a set of
examples that represent the variabilities of the shape and grey-scale texture (appearance) of

any object, such as, in this case, the ankle joints from an MRI image.

Furthermore, AAM can be used to automatically segment a population of 3D images.
However, to do that, the production of a trained AAM model is required which includes an
example set from the population (367). This trains the model to learn the variations in shape

and appearance of the object studied such as, in this study, MRI images of the ankle. The
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trained model can then be used to automatically search and segment similar objects to the
ones used in the trained model: for example, new ankle MRI images (367). A final SSM is then
obtained that uses all of the MRI images included in the population and represents the
anatomical object in the MRI scans in a 3D manner. In the present study, the final model was
built using all 206 ankle MRI images. Such methods have been previously applied and
published by the collaborating team on the knee joint (368). The steps applied in building the

3D SSM are described in detail in the following sections.

5.4.1 Trained 3D ankle AAM
The first step to produce the ankle AAM is to train the model to detect variability in the shape

and appearance of the ankle joint in the population. The final trained model is built in three
main steps (355): manual segmentation, production of the correspondence of points on bone
surfaces; and the application of PCA. In the present study, these steps were applied by the
research team and a detailed description of the methods used is given next, ending with a

flowchart summarising the model-building process.

5.4.1.1 Manual segmentation
In order to obtain the morphological shape of an anatomical organ in a medical image such as

an MRI image, the organ must be segmented to distinguish it from its surroundings. This
process of segmentation is required to reconstruct the 3D SSM of the bones in the joint (369).
In this research, manual segmentation was used to segment ankle MRIs from a training set of
30 randomly selected non-duplicated scans from the 206 ankle images available. Endpoint
1.20 software developed by IMorphics, Manchester, was used to perform the segmentation
process. The distal tibia, fibula, calcaneus, talus, and navicular bones were segmented slice by
slice using manual line drawing in the form of a stack of 2D contour lines and Live Wire
software, which is a widely employed method (367). The images were segmented in the
sagittal plane, although images were also available in the coronal and transverse planes.

Figure 5-2 below shows a screen shot representing the manual segmentation process.
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Figure 5-2. Screen shot of the program used for MRI manual segmentation. The figure shows an ankle MRI image and
illustrates the software used for manual segmentation employing manual line drawing and the Live Wire method.

The aim of this part was to segment only the bones of the ankle and to exclude soft tissue.
The segmentation process was carried out by a single trained researcher (rheumatologist ‘KC’)
who underwent extensive training conducted by an expert in segmentation. Both the author
and ‘MB’, a collaborating expert in segmentation and machine learning, reviewed the
segmentation results so as to ensure accuracy. The research team comprised experts with
diverse backgrounds, including a rheumatologist, a senior radiographer, and a machine
learning expert, which facilitated effective manual segmentation by consensus. The team
reviewed any challenging or incomplete images. The manual segmentation was checked by

two different experts to ensure the identification of errors as shown in Figure 5-3.

If any of the reviewers noticed a mistake, it was discussed with the team and amendments
were made upon agreement. Finally, the manual segmentation of all 30 scans was completed

and reviewed by the team and the best quality was agreed upon.
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Figure 5-3. Example of the checking of manual segmentation for errors: A) segmentation completed by the trained researcher,
which shows a mistake in the identification of the correct boundaries of the bone; B) the correct boundary of the bone in the
same slice amended after the agreement of the research team. The red arrow shows the black line that misled the researcher
into thinking that it was the bone boundary.

54.1.2 Registration of bone surfaces
The manual segmentation of the training set was used to extract the stack of 2D contour lines

used in the segmentation. These were then converted into a 3D bone surface using the
marching cubes algorithm, which is a well-known technique used in medical visualisation
(370). It aims to extract the triangulated surface mesh (a type of polygonal mesh) bounding a
3D solid object (the bone surfaces) showing a discrete representation of the geometric
information acquired from the segmentation process. Once the triangulated bone surface
mesh shown in figure 5-4 below had been acquired, the marching cubes algorithm then
automatically covered the mesh with random points (vertex) which then represent contours
as surfaces with signed distance 3D images for each participant in the training set. The quality
of the signed distance 3D images is then assessed using geometrical smoothing which aims to
reposition the random points so as to improve the overall quality of the 3D images in

representing the shape of the ankle joint complex of each participant in the training set.

146



Figure 5-4. An ankle complex triangulated surface mesh bounding a 3D bone surface of all five bones: navicular (in red); distal
tibia (blue); talus (green); yellow, distal fibula (yellow); and calcaneus (purple).

To create a shape model, a correspondence between the points of the bone surface mesh
obtained from each participant in the data set should be established. Additionally, to work as
a correspondence guide, consistency is required for each bone of each participant included in
the training set. To establish such a correspondence system, the registration of all included

images is needed (371).

Image registration is a crucial step in the construction of an SSM, and is a widely used
technique in medical imaging data processing which aims to align two or more images for joint
processing or model building (371). The registration process involves aligning multiple images
to create a mean image and a mean 3D triangular mesh. Numerous methods of image
registration are used in medical imaging, which vary depending on the type of images involved
and the purpose of registration (372). In this study, a variant of the Minimum Description
Length Approach to Groupwise Image Registration (MDL-GIR) algorithm (373) was used to
register all images in the group simultaneously utilising information about their shapes. Once
registration is completed, correspondence landmarks are generated for each participant as

elements in a high-dimensional space which incorporate 36,838 landmarks representing the
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shape of the ankle complex region. The landmarks are projected onto the 3D bone surface for
each participant, as seen in figure 5-5 below. They are also represented as a cloud of points in
a shape space, such as a shape matrix that contains all participants in the training set. The
outcome of this process is a shape model that describes the geometric form of the ankle
complex, and its orientation, scale, and position in 3D space, and a similar method has been
used for models of the knee (53, 367, 368). The registration process was completed
automatically using specialised software provided by our collaborators and under the

supervision of MB.

Figure 5-5. Anatomical correspondences landmarks (points) covering the 3D surface of the ankle complex model: A) full
ankle complex model covered with sets of landmarks; B) zoomed image which clearly shows the correspondence landmarks.
The red arrow points to an example of a landmark, and such landmarks after the completion of registration have the same
ID in each participant.

5.4.1.3 Principal components analysis (PCA)
The outcome of the registration of the trained model and lining up of all landmarks is an

immense and complex data set. PCA, which is an extensively used dimensionality reduction
technique, is applied in order to analyse such landmarks, and capture the geometric variability
that they represent. It was initially introduced by Pearson (374) and later adapted and named
by Hotelling (375). PCA aims to decrease the size of a multidimensional data set to one of
lower dimensions that retains much of the original information and to present it in terms of

modes of variance that can be easily visualised and analysed. More information on this
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method and its application and the mathematical algorithms used can be found elsewhere

(376).

PCA is a technique used to analyse the variability in data by identifying patterns and trends
and was applied to the shape matrix that contains a coordinate vector for each example
resulting from the image registration process. In this case, it was used to analyse the shape of
the ankle complex across all examples in the dataset. The analysis yielded two important
results: the shape of the mean ankle complex, representing its average shape across all
examples in the dataset; and a covariance matrix which represents the linear relationships
among all coordinates and can be used to identify the most important directions of variability

in the data.

Eigenvectors and eigenvalues are then calculated from the covariance matrix. The
eigenvectors define the principal component modes of variation, and eigenvalues signify the
percentage of variance that can be explained by each eigenvector. The goal of the process is
to reduce the dimensions of the shape space while retaining as much of the original variation
as possible. PCA aims to retain the leading PC modes that describe 95% of the variance and
discard other modes. This results in a new space with reduced dimensions that explains 95%
of the variance in the data. The shape model using the results of PCA in this study includes
the mean shape of the ankle complex bones and 59 PC modes of variation. Any new ankle
shape can be predicted using a specific formula that includes the information gained from the
PCA. This information was then used in the automatic segmentation of the remaining
participants. The process was completed automatically using specialized software in an
attempt to find the best possible direction that allows the first PC to pass through the
maximum number of points.

5.4.2 Automatic segmentation

The manual segmentation of a large set of ankle MRIs is not practicable for several reasons,
which include the laborious and time-consuming nature of the process, its dependence on
observers, and the inability to accurately capture the variation in shape of the object being
studied. Additionally, manual acquisition of corresponding anatomical landmarks on a large
number of 3D objects would be impossible because several thousand landmarks would need
to be distributed manually on each 3D object is necessary and this process which would need

repeated for all of the participants so as to ensure anatomical correspondence. Such a method
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might be potentially feasible with 2D images since the number of landmarks required is far

fewer than those needed to cover a 3D object.

One major advantage of using AAMs is that they allow for the acquisition of a mean
appearance and shape of the ankle complex bones, along with learned mathematical
information that provides a mathematical description of the variability of each training
sample(369). This mathematical information enables the model to apply a unique search and
match algorithm that aims to interpolate the mathematical information learned from the
training sample to a new set of MRI images of the same object. As a result, instances of shape
and appearance can be found which permits automatic segmentation and the application of
the same set of corresponding landmarks to the new segmented images. This depends on the
patterns of variability in shape and appearance learned from the training set and uses

mathematical information about shape and appearance from the training model (367).

For the models in this study, the automatic segmentation of the ankle MRIs of the remaining
participants in the population studied was initiated using mathematical information about the
learned shape and appearance in the form of principal components of shape and appearance
derived by the trained model. Automatic segmentation was completed using a specific
algorithm developed by collaborators in this research (details of which cannot be provided
here due to a non-disclosure agreement) that focuses on searching and matching the resultant
principal components of shape and appearance from the trained model to the new ankle MRI
images, as shown in figure 5-6 below. The process is then concluded by obtaining a mean
shape and PC modes of variation for each of the 206 ankle MRI images. This culminates in the
construction of the full ankle complex model represented by PC modes and anatomical

correspondence landmarks.
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Figure 5-6. Screenshots of the front page of the software used for automatic segmentation showing the search process
conducted by the algorithm that results in the simultaneous segmentation of a new set of ankle MRI images using sagittal,
coronal, and axial planes.

The accuracy of the automatic segmentation method used had previously been assessed by
the collaborators, and the results showed that it was able to automatically segment new knee
MRI images with point-to-surface accuracy of < 1 mm (377). This algorithm has been
previously applied to images of knee joints as described in publications by the research

collaborators (50, 52, 53, 367, 368).

Furthermore, a final review of all automatic segmentations for the ankle model was
completed so as to ensure model accuracy. All of the 206 images used in this study were
carefully visually reviewed for errors resulting from automated segmentation. The revision
process was conducted by the same members of the research team who reviewed the initial
manual segmentation. If a segmentation error was noticed, the reviewers together with the
expert checked if the error could be fixed by manual segmentation. During the review process,
minor errors were noted in 11 scans, and the research team decided that manual
segmentation could improve those errors. Therefore, manual segmentation techniques were

used to complete the necessary amendments to the results of the automatic process.
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5.4.3 Summary and final models
The model-building procedure is summarised in figure 5-7 below, which shows that the

outcome is a 3D ankle complex SSM that contains all five bones of the ankle complex joint for
both males and females and all 206 participants in this study. All PC modes for each participant

were obtained and stored electronically.

In the analysis of bone shape, other models that focus on a particular set of bones were
generated using the same method. For example, models were generated that contain only the
tibia-talus-navicular bones or the calcaneus bone alone. Finally, separate models for males
and females were also obtained and used in exploring the association between bone shape

and the state of OA in the knee and hip.
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Figure 5-7. Flowchart summarising the model building process divided into four main steps.
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5.5 Measurements obtained from the model
One of the significant advantages of using SSM in analysing MRI population data is that the

model has the capability to measure any part of the object that the researcher is interested
in, from all participants at the same time. The resulting bone surface is a triangulation in which
the vertices are a dense set of anatomically corresponding landmarks, as each bone is fitted
with the same points. Additionally, masks created on these points can be used to take

measurements consistently across the population.

By selecting the landmarks representing the anatomical area of interest on the main shape,
measurements of that area for all other participants included in the model can be produced.
The resulting measurements for the area of interest can be assumed to represent the same
area for all participants. Thanks to the correspondence, anatomical landmarks are established

in the model building process, as explained previously in section 5.4.1.2.

In this thesis, several anatomical areas were measured with the aim to assess variation in the
morphology of the ankle complex in the population studied. The methodology relating to the

measurements conducted is detailed next.

5.5.1 Measurement of ankle joint space width
The ankle is a complex anatomical region of the body which contains several articulations, as

discussed in chapter 3. One aim of this study, as stated in section 1.2, is to use the 3D SSM to
quantify JSW in the joints formed by the five bones in the ankle complex region. These joints
were selected after a review of the anatomy of the ankle as described in section 3.2.2, namely
the tibial plafond (tibia-talus JSW), medial malleolus (medial side of the tibia-talus JSW),
talonavicular (talus-navicular JSW), talofibular (lateral malleolus distal part of the fibula-talus
JSW), subtalar posterior facet (posterior part of the calcaneus-talus JSW) and subtalar medial

facet (medial part of the calcaneus-talus JSW).

To conduct the quantification, the anatomical areas representing JSW between the bones
included were chosen and then discussed with the research team and agreed upon. A set of
landmarks covering the bone surface area of the JSW on one bone that formed the articulation
was selected. Using a specific code, the model was instructed to automatically produce a
perpendicular line for each landmark that extends to the opposite bone surface in the joint,

as shown in figure 5-8.
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Figure 5-8. Lateral view of the tibial plafond joint where measures are taken from multiple points across the joint using a
correspondence point, where the points then produce a perpendicular line that extends to the upset bone surface (tibia).

Figures of average JSW across the joints were produced with a heat map showing the
measurement in millimetres from each correspondence point in the selected bone area of the
model. These figures were then reviewed using this heat map to extract only the average
values of JSW across each joint. Appropriate masks were created on each bone so that only
the selected average bone area was included. Figure 5-9 illustrates this process for the bone
surface of the talus dome, where the left-hand box shows the initially chosen bone area
covering the anatomical area that forms the JSW of the tibial plafond joint. A mask was then
chosen that only includes the average measurement, as seen in the middle box. The figure in

the right-hand box shows the final chosen mask.
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(mm) Plus Chosen Mask Chosen Mask

Figure 5-9. Use of the average 3D JSW map to choose an appropriate mask for measurements to be taken.

The final masks were selected in order to reproduce the JSW measurements representing the
average coverage area of the six joints, using the same method to generate a perpendicular
line from each landmark in the final chosen masks. To clarify this process further, the first
images in figure 5-10 displays all of the correspondence points on the talus and the second

shows the position of the mask which is bounded by correspondence points.

Finally, mean, median, and various percentiles for each participant were calculated and

recorded to assess minima and maxima.

Figure 5-10. 3D model of the talus bone covered with anatomical correspondence points: on the left is the model without the
mask chosen to take the JSW measurements; and on the right image the location of the chosen mask is shown by the red
area covered with the anatomical correspondence points.
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5.5.2 Measurements of bone area
An advantage of SSM is that it can provide accurate measurements of bone morphology from

all participants simultaneously and from the same location. Several of the studies reviewed in
section 4.3.2 used SSM of the knee joint in aiming to quantify the subchondral bone area and
assess its morphological association with OA. Such studies have concluded that variations
between participants in the knee joint bone area provide a prognostic biomarker for knee OA

(53, 378).

The present study aimed to assess the morphological variations in the ankle complex region
among the studied population, as stated in section 1.2, and ankle bone area is one such
variation. However, only bone area measurements from the talus and calcaneus bones were
guantified in this study since they are the largest bones in the ankle complex and have a
significant impact on ankle biomechanics, as stated in section 3.2.1 (379). Also, these bones
showed greater variation in shape compared to others when visualised in the model. This
research focussed on the total area of the subchondral bone, which has been designated as
tAB by a nomenclature committee which has established a commonly accepted terminology

for reporting musculoskeletal MRl morphological variations as explained in section 4.3.2.1.

For the talus bone, tAB measurements from three anatomical parts were quantified which
represent the articulation surface of the bone, as reviewed in section 3.2.1.2. These are the
articular surface of the tibia (talar dome), the articular surface of the posterior facet of the

calcaneus, and the bone area of the taler head (articular surface of the navicular), as

presented in figure 5-11.

Figure 5-11. Subchondral bone area of the three joints of the talus selected for bone area measurements. The left image
shows the area of the taler dome coloured in light blue, the middle image shows the area of the taler head in pink, and the
right image shows the area of the posterior facet in gold.
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Measurements of talus height, width and length show significant variations between
individuals, as noted in the studies reviewed in section 3.3. Therefore, these features were
guantified for all participants from the SSM. However, the quantification of measurements for
a bone that is known to have such an irregular shape, which can be represented as
approximately cuboid as described in section 3.2.1.2, is rather complicated. It was
accomplished in this study by drawing a bounding box on the mean shape of the talus bone

in the SSM. The box includes the entire talus bone within it, as seen in figure 5-12.

Figure 5-12. 3D representation of the 3D bounding box applied on the mean shape of the talus bone from the SSM.

In this way, a coordinate system was established that defines the X, Y, and Z axes within the

bounding box as presented in figure 5-13 below, with the following definitions of the axes:

e X-axis: represents the width of the talus and passes from the middle of the articular
surface of the medial malleolus to the middle of the lateral process on the opposite

side.

e Y-axis: represents the height of the talus and is perpendicular to the X-axis. It passes

from the inferior part of the talus through the centre of the talus dome.

e Z-axis: represents the length of the talus and is perpendicular to both the X and Y axes.

It passes from the posterior process to the centre of the talus head.
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Figure 5-13. Location of the X, Y, and Z axes used to quantify talus height, width and length within the bounding box from
the mean talus shape reconstructed using the SSM.

Only three measurements were quantified for the calcaneus bone, which are the bone area
and width of the posterior tuberosity and the overall anterior-posterior length of the bone. A
coordinate system similar that for the talus bone that defines the X, Y, and Z axis was

established for the calcaneus. The axes shown in figure 5-14 below are defined as follows:

e X-axis: represents the length of the calcaneus and passes from the middle of the

anterior articular surface of the cuboid to the middle of the posterior tuberosity.

e Y-axis: represents the height of the calcaneus and is perpendicular to the X-axis. It

passes from the inferior part through the centre of the calcaneus body.

e Z-axis: represents the width of the talus and passes from the medial surface through

the body and out from the lateral surface of the calcaneus bone.

Z axis

Figure 5-14. Location of the axes used as a coordinate system for the calcaneus bone represented on the mean calcaneus
bone shape reconstructed using the SSM.
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The bone area of the posterior tuberosity was also quantified using similar methods as
mentioned previously for the bone area of the talus. The mean calcaneus bone shape was
used to outline the correspondence landmarks of the area of the calcaneus tuberosity, as seen

in figure 5-15, while the width of this area was quantified using the Z axis.

Figure 5-15. Mask chosen to quantify the area and width of the posterior tuberosity from the correspondence points on the
mean calcaneus bone shape reconstructed from the SSM.

The two collaborating researchers ME and MB reviewed the anatomical location selected for
the tAB measurements and for the coordinate definitions separately using a guided
anatomical book, and then discussed and agreed upon the best to use. The tAB regions were
outlined using landmarks on the mean bone shape in the SSM, which has established
correspondence landmarks. Also, the coordinate axes were fitted using specific landmarks on
the mean talus and calcaneus bone shapes. This enabled the quantification of all
measurements from the same location for all participants. Using a specific code, the model
was instructed to automatically produce and store the measurements for each participant
using their study number, in mm? for tAb and in mm for the length, width and height of bones.
5.5.3 Assessment of variation in bone shape

During the building of the SSM, the mean shape and the variance modes for the ankle complex
were extracted and saved. Two methods were used to assess variations in bone shape. The
first evaluates all variance (PC) modes together, while the second assesses the top-ranking ten
PC modes that together explain the majority of variation in the model. Both methods are

explained in detail next.
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The first method focuses on the combination of all PC modes of variation into one shape
vector, the population bone shape vector. The shape vector for each bone is calculated by
taking the principal components of the mean shape of, for example, the male and female
groups and the OA and non-OA groups and drawing a straight line through them. Individual
bone shapes from ankles in this study represented as principal components following the AAM
search were projected orthogonally onto the new vector. The distance along the vector was
normalised by treating the mean non-OA shape as -1 and the mean OA shape as +1. The same
normalisation was applied to the male and female groups. Such method was used by the

collaborators on research focusing on the knee joint (378)

This method is then presented on a histogram to show the distributional variation in bone
shape between the groups on the new population bone shape vector. Also, in a further
exploration of the distributional differences between, for example, the sexes, independent t-
tests were applied to compare the difference in the mean of the population bone shape vector
between males and females. This method has been previously used on the knee joint and
published by the research collaborators (378, 380). The advantage of this method is that it
uses all PC modes of variation in the model and does not neglect modes representing small
variations. However, it lacks the ability to specifically visualise and report actual shape

variations between groups and cannot create 3D images.

The second method involves taking into account the main PC modes of variation in the 3D
model that explain approximately 80% of the total variation, where for some models the first
10 PC modes and for others the first 5 PC modes are included. Custom software for this
purpose was provided by the collaborators. Prior to that, t-tests were applied to the values for
each PC mode so as to explore differences between groups. The PC modes for which
significant differences were found were then visualised and assessed using the software,
which allowed the research team to interactively visualize bone shape variations in an
animated 3D model for each of those modes. The author and two other team members
documented their own observations for each bone in the model, and their descriptions were
compared to achieve consensus on the bone shape variations for each mode. Images that
illustrated bone shape variation were extracted from the model for PC modes that showed

significant differences between groups, such as male and female or OA and non-OA,
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accompanied by a description of the variation observed. Three images for each mode of

variation were extracted: the mean image and images for both + 2SD.

This method allows the individual PC modes to be explored and provides images to illustrate
differences between groups. However, it only considers the top-ranking 10 modes of variation
which explain approximately 80% of the variation in the model, and other modes that account
for small percentages of variation are disregarded. Therefore, both methods were used in this

study so as to optimise and internally validate the approach.

5.6 Statistical analysis
Data analysis was performed using STATA 16.0 statistical software. Categorical data were

reported as frequencies and totals using bar charts. Numerical variables were expressed using
mean and SD or median and interquartile range (IQR) according to their distribution.
Normality of distribution for all continuous variables was assessed graphically using
histograms, numerically from values of skewness and kurtosis, and statistically using the

Shapiro-Wilk test.

In this analysis, student’s t- and Mann-Whitney U tests were chosen as appropriate for the
examination of differences in the categorical characteristics of gender, ankle pain, and
radiographic diagnosis of OA, with morphological variables extracted from the 3D SSM such
as the bone shape variables represented by the value of the PC mode for each participant and

JSW, with bone area measurements represented as distance in mm?,

Linear regression models were also applied in the bone shape analysis to explore the
association between bone shape represented by the value of PC mode and body
anthropometry. The analyses were then repeated to adjust for potential confounding

variables such as the participant’s sex.

The JSW analysis considered the association between ankle JSWs as the dependent variable
and several independent clinical variables including gender, body anthropometry, BMD values,
and knee and hip JSW measurements. A multi-step approach was used to achieve this. Firstly,
simple linear regression was applied to establish any significant relationships between the
variables. This provided a baseline for comparison in the analysis of the effects of other
variables on the dependent variable. Subsequently, multiple linear regression was applied to

control for potential confounding factors and to evaluate the association between the
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dependent and independent variables while accounting for the impact of other variables.
Possible confounders were identified in a review of the relevant literature. Then, a graphical
representation known as a DAG (Directed Acyclic Graph) was employed to model the
relationships between the variables. A DAG can assist in demonstrating how one variable may
affect both the exposure and the desired outcome when confounding variables are present

(381).

In addition, regression analysis was employed to test for interactions between variables in
order to examine whether or not the relationships between dependent and independent
variables were influenced by the levels of other factors. This stage was vital for the
identification of any potential effect modifiers in the associations between variables. Finally,
the data was stratified by gender, and the analyses were repeated in order to investigate any

potential sex-specific effects of the independent variable on the dependent variable.

All examined associations with ankle JSWs as the dependent variable were subject to this
procedure, and a further backward regression step was added for the BMD measurements.
This required the inclusion of each association with a significance threshold of p=0.15 in the
model and using the p-value for each variable to determine which variables were not
significantly associated with the dependent variable. These variables were then removed from
the model one at a time until all remaining variables in the model were significant. Finally,
95% confidence intervals were calculated in all cases, and a p-value of 0.05 or lower was

considered to be statistically significant.

It is important to note that, in reporting the p-values in the results section, no adjustments for
multiple testing were applied. Multiple testing is a known problem in many epidemiological
and biomedical studies because it increases the odds of false-positive results and biased
conclusions being drawn (382). One way to deal with this issue is to employ the Bonferroni
procedure which is applied by dividing the number of hypotheses tested on the predefined
threshold of the p-value, resulting in the setting of a new adjusted p-value threshold (383).
This threshold can be used to decide whether or not to reject the null hypothesis, resulting in
a lower risk of reporting false-positive results (384). However, such multiple testing and use
of adjustment methods is a controversial topic in the literature. Some question the efficiency
of such methods owing to the fact that, when it is applied, it aims to limit type 1 errors.
However, it also increases type 2 errors. Likewise, many debates, has focussed on when to use
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such a method and when to avoid it, depending on the research area concerned and the type
of data involved (385-388). Therefore, in this study the results of the statistical tests were

reported without adjustment.
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Chapter 6 Results for bone shape

in this chapter, descriptive statistics which summarises the dataset used is presented using
table and figures. Then the results from both the bone shape analyses and the bone area

measurements are presented in a clear and concise manner also using figures and tables.

6.1 Descriptive Statistics
In the analysis of data, 206 participants met the inclusion criteria and were 62 years old at the

time of data collection. Of these, 123 (59.7%) were female and 83 (40.3%) male. The

frequencies of hip, knee, and ankle pain and hip and knee OA are presented in figure 6-1.
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Figure 6-1. Frequency of pain (A) and OA (B) in the studied cohort, as reported in the dominant foot
and ipsilateral hip and knee joints.
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The frequencies of the categorical clinical variables are illustrated in Table 6-1, including sex,
dominant foot, hip and knee pain, and knee OA incidence according to K&L radiographic grade
where knee OA = (K&L grade > grade 2) and hip OA incidence according to Croft grade for the
hip where hip OA = (K&L grade > grade 2). The central tendencies and dispersion of data for
the continuous variables are summarised in Table 6-2.

Table 6-1. Frequencies of the categorical clinical variables.

Sex N=206 %
Male 83 40.3
Female 123 59.7
Dominant foot N=206 %
Right 186 90.3
Left 20 9.7
Hip pain N=206 %
No 161 78
Yes 45 22
Knee pain N=206 %
No 140 68
Yes 66 32
Knee OA N=206 %
Yes 76 36.8
No 130 63.2
Hip OA N=206 %
Yes 71 34.5
No 135 65.5

Note: Dominant foot as determined by MRI scan; ankle pain data obtained from questionnaire responses.
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Table 6-2. Summary of descriptive statistics for all continuous variables included in the analysis.

Variable Mean SD Min. Max.
Height (cm) 166.3 8.2 145 187
Weight (kg) 774 14.9 494 130.4
BMI (kg/m?) 27.9 4.9 18.4 47.6
Pain score (0-50) 8.6 11.9 0 50
Stiffness score (0-20) 3.4 4.8 0 20
Physical activity score (0-170) 243 36.2 0 143
Overall WOMAC index (0-240) 36.3 51.8 0 206
Ankle JSW (mm)
1. Tibial plafond 24 0.56 1.2 4.4
2. Medial malleolus 3.1 0.79 1.2 5.6
3. Talonavicular 1.4 0.35 0.5 26
4. Tibiofibular 24 0.55 0.8 4.2
5. Subtalar posterior facet 2.8 0.97 0.9 6.8
6. Subtalar medial facet 4.2 22 1.1 7.4
Hip JSW (mm)
Right hip JSW 3.10 0.72 1.10 5.2
Left hip JSSW 3.07 0.74 0.95 4.7
Knee mJSW (mm)
Right knee mJSW 3.89 0.88 1.1 5.8
Left knee mJSW 3.93 0.90 1.2 5.7
BMD (g/cm?)
1. Spine 1.06 0.15 0.72 1.50
2. Lower limbs 1.19 0.15 0.85 1.65
3. Right femur neck 0.92 0.13 0.57 1.31
4. Right femur total 1.00 0.15 0.5 1.63
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6.2 Bone shape results

6.2.1 Full ankle complex model
The full ankle complex SSM was reconstructed using 59 PC modes where, as the number of

modes increases, the SSM could describe 95% of the variation in ankle complex bone shape.
Figure 6-2 below shows a cumulative variance plot which demonstrates the percentage
variance accounted for by each PC mode. These values of variance decline towards the right-
hand end on the x-axis; in other words, the first PC accounts for the largest variance and each

one to the right accounts for less variance.
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Figure 6-2. Cumulative variance plot showing percentage variance for each additional PC mode used in building the full ankle
SSM.
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6.2.1.1 Bone shape variations between sexes
The average of all 59 PC modes that represent the 3D bone shape for each participant, were

projected orthogonally onto a bone shape vector using the method described in section 5.5.3
in chapter 5. The population bone shape vector represents a line between the mean shape of
the male and female groups. The histogram in figure 6-3 shows the distribution differences
between males and females along the population bone shape vector.
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Figure 6-3. Histogram showing the distribution of male and female participants for the population bone shape vector for
the full ankle complex model.

To further explore the distributional differences between the sexes shown in figure 6-3, an
independent t-test was applied, and a significant difference was found in the means of the
population bone shape vector between males and females. This indicate that there is variation
in bone shape in the ankle complex between males and females when the average of all PC

modes is used to reconstruct the model. Full results are shown in table 6-3.
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Table 6-3. Independent t-test results showing the difference between the sexes for mean population bone shape vector.

Participant’s Sex Mean t (SD) P value

Bone shape vector

Males (N=83) 0.0094 + 0.02

*
Females (N=123) -0.0095 + 0.02 <0.0001

To explore and visualise the specific morphological variations in bone shape between the
sexes in the ankle, an independent t-test was used to analyse the first 10 PC modes of variance
from the 59 PC modes used to reconstruct the 3D ankle SSM which represent 79% of the
variation in the SSM. PC modes beyond PC 10 were excluded from this analysis since they
represent only a small amount of the total variance observed in the cumulative plot in Figure

6-2.

All PC modes met the assumption of homogeneity of variances using Levene’s Test. However,
PC 10 and PC 11 were not normally distributed, and so the Mann Whitney U test was used for
the non-normal data. The results show that the variation in ankle bone shape between males
and females is statistically significant in the following PC modes: PC2,PC5, PC7,PC9, PC13,
and PC 14 with p-values of 0.013, 0.002, 0.009, 0.010, 0.0006, and <0.0001 respectively. The

full results are presented in Table 6-4.
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Table 6-4. Results of independent t-tests and Mann Whitney U tests used to test the significance of the difference in PC

modes representing variation in ankle bone shape between the sexes.

Male N=83 Female N=123
PC mode (mm) P value
Mean t (SD) Mean £ (SD)

PC1 0.0020 +0.04 -0.0025 * 0.05 0.472
PC2 -0.002 £ 0.04 0.010 £ 0.04 0.013*
PC3 0.003 +0.02 -0.001 +0.02 0.195
PC4 0.0014 +0.02 -0.0010 £ 0.02 0.439
PC5 0.004 +0.02 -0.003 £ 0.01 0.002*
PC6 0.001 +0.01 -0.0006 + 0.01 0.487
PC7 -0.003 +0.01 0.002 £ 0.01 0.009*
PC8 0.0006 +0.01 -0.0009 £ 0.01 0.465
PC9 0.002 +0.01 -0.002 £+ 0.01 0.010*
PC10 Median -0.0008 Median 0.0005

0.702

IQR -0.0009 to -0.0005 IQR 0.008 to 0.009

PC11 Median 0.002 Median -0.0004

0.145

IQR 0.005 to 0.008 IQR -0.007 to -0.005

PC12 0.0005 +0.011 -0.0004 + 0.011 0.558
PC 13 -0.003 £ 0.009 0.002 +0.010 0.0006*
PC 14 0.003 + 0.008 -0.002 + 0.009 <0.0001*
PC 15 0.001 + 0.009 -0.0008 + 0.009 0.130

Furthermore, it was investigated whether or not the statistically significant results obtained

from the above independent t-tests were influenced by the variations in height and weight

between the sexes. All PC modes that showed significant bone shape variation between the

sexes (PCs 2,5,7,9, 13 and PC 14) were tested separately using linear regression adjusting for

possible confounders of height and weight.

Firstly, the association was examined between PC modes as the dependent variable and height

as the independent variable which showed significant association. However, after controlling

for sex, the association became non-significant indicating that a significant association in the

univariable models was driven by the effect of sex in the population. Similar results were
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noted regarding the association with weight. Therefore, no adjustment concerning height or
weight was deemed necessary in further models since no effect was noticed in the baseline

full ankle model. Full results are shown in table 6-5.

Table 6-5. Results of the linear regression models applied to assess the relationship between height and weight with PC modes

adjusted for sex.
Height (cm) Weight (kg)

PC Mode (mm)

(N=206) Coeff. 95% Cl P Coeff. 95% Cl p
PC2 -0.0004 [-0.001, 0.0001] 0.126 0.0001 [-0.0002, 0.0006] 0.400
PC5 0.00005 [-0.0002,0.0003] 0.737 0.0001 [-0.00008,0.0003] 0.230
PC7 -0.0001 [-0.0004, 0.00009] 0.208 -0.00008 [-0.00001,0.0002] 0.251
PC9 0.0001 [-0.00009, 0.0003] 0.261 0.0001 [-0.00001,0.0002] 0.097
PC13 -0.0001 [-0.0003, 0.00004] 0.068 -0.00006 [-0.0001, 0.00003] 0.222
PC14 0.0001 [-0.00002, 0.0002] 0.106 -0.00006 [-0.0001,0.00002] 0.152

All PC modes that showed significant bone shape variation between males and females were
then interactively visualised in an animated 3D model. The differences are represented in
figure 6-4, which displays 4 anatomical views (anterior, posterior, medial, and lateral) of the
full ankle complex SSM where the male shape is coloured blue. The difference is seen in all

bones, where larger bones such as the calcaneus exhibited more bone shape variation.

172



8

Anterior Posterior
Medial Latral

Figure 6-4. Variations between the sexes in ankle complex bone shape as seen in the animated model of the full ankle complex which
includes all PC modes used to reconstruct the model. The blue colour represents the male bone shape, while the grey colour
represents the female bone shape.
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The full ankle model was used to compare morphological variations between sexes in all the
bones of the ankle joint complex. To further assess sex differences in bone shape, two
separate models were reconstructed. The first model included the distal tibia, talus, and
navicular bone, while the second included only the calcaneus. The distal fibula bone was
excluded since it showed minimal variation between sexes. However, the calcaneus bone was
reconstructed separately due to its significant variation between sexes in all principal
component modes of the full ankle SSM. By separating the calcaneus bone, its influence on
other bones was eliminated and sex differences in all bones were better represented. The

detailed results for these two models are presented below.

6.2.2 Distal Tibia-Talus-Navicular 3D SSM
The SSM was reconstructed using 53 PC modes of variations, which in total account for 95%

of the variation in the shape of the bones concerned. Figure 6-5 shows a cumulative variance
plot that represents the variances accounted for by each PC mode. The first PC accounts for

the highest percentage of variance and each one afterwards accounts for less variance.
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Figure 6-5. Cumulative variance plot showing the percentage of variance accounted for each PC mode in the distal tibia-talus-
navicular 3D model.
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6.2.2.1 Variations in distal tibia-talus-navicular bone shape and area between sexes
The histogram in figure 6-6 shows the differences in distribution between males and females

along the population bone shape vector. Which represents a line between the mean shape of
the male and female groups, the average of all 53 PC modes produced from 3D SSM for each

participant, was projected orthogonally onto the vector.

Talus-Tibia-Navicular Bone shape model

S &

20
m female male
18
16
14

1

N

1

FREQUENCY
5 o ® O

N

[ |
P &

L
Q" QO ©

X & A D 0D I A @ O @
0 00 00 00 QQ 0 QQ 0° 0‘ 0 QQ 00 00 @0‘
POPULATION BONE SHAPE VECTOR

Figure 6-6. Histogram showing the separation of males and females for the population bone shape vector for the tibia,
talus, and navicular bone.

To further explore the distributional differences between sexes shown in figure 6-6 above, an
independent t-test was applied to compare the means of the population bone shape vector
of the distal tibia, talus, and navicular bone shape of the different sexes. The results show
significant morphological bone shape variations between males and females when using the

average of all PC modes used to reconstruct the SSM. The results are shown in Table 6-6.

Table 6-6. Independent t-tests results showing the difference between sexes associated with the means of the population
bone shape vector of the distal tibia, talus, and navicular SSM.

Participants Sex Mean % (SD) P value

Bone shape vector

Males (N=83) -0.013+ 0.025

*
Females (N=123) 0.012 +0.023 <0.0001
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The previous findings indicated significant differences between the sexes in the shapes of the
bones included in the model when using the average of all PC modes used to reconstruct the
SSM. To represent bone shape variations and sex differences more accurately, an independent
t-test was conducted on the first 10 PC modes which account for 78.6% of the total variation
in the model. These first 10 PC modes were selected out of the 53 modes used in the
reconstruction process because they account for most of the variation, while the remaining

PC modes account for only negligible proportion of the variation.

All PC modes satisfied the assumption of the homogeneity of variances as measured using
Levene’s Test as well as the normality assumption using the Shapiro—Wilk test. The results
show that the difference in ankle bone shape between males and females is statistically
significant in PC modes 2, 3, and 7 with p-values of <0.0001, 0.0002, 0.035 respectively.

Detailed results are presented in table 6-7.

Table 6-7. Results of independent t-tests used to test the difference in 3D SSM PC modes representing differences in the shape of
the distal tibia-talus—navicular bones between the sexes.

Male N=83 Female N=123
PC mode (mm) p value

Mean % (SD) Mean t (SD)
PC1 -0.003 £ 0.034 0.002 + 0.046 0.359
PC2 -0.011 £ 0.030 0.008 +0.036 <0.0001*
PC3 -0.007 £ 0.023 0.005 +0.025 0.0002*
PC4 0.0001 +0.023 -0.0002 £ 0.023 0.902
PC5 0.002 +0.018 -0.002 £ 0.020 0.095
PC6 -0.002 £ 0.018 0.001 +0.18 0.162
PC7 -0.003 £ 0.016 0.002 +0.015 0.035*
PC8 0.001 +0.012 -0.001 £ 0.015 0.201
PC9 -0.0008 + 0.013 -0.0005 £ 0.014 0.475
PC10 -0.001 +0.012 0.001 +0.012 0.068
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All PC modes that show significant differences in bone shape between males and females were
interactively visualised in an animated 3D model. PC 2 showed statistically different bone
shape between sexes at P < 0.0001, where the variation was mainly represented in the shape

of the distal tibia.

The shapes of the distal tibia for females deviated from the mean distal tibia shape in a positive
direction with a mean of 0.008 mm. These positive deviations from the mean represent a
decrease in the width of the distal tibia bone mainly in the anterior and posterior portions in
females when compared to males in the negative direction (-2SD). Also, the positive direction
shows a longer and thinner medial malleolus bone which points more inferiorly when
compared with the negative direction which relates to a shorter and wider medial malleolus
bone shape. Full results are presented in figure 6-7 using 4 anatomical views, with each
including three images (-2SD, mean and +2SD) extracted directly from the SSM presented in a

colour map of mean bone shape.

PC 3 showed statistically different bone shape variations between sexes (P= 0.0002) and the
variation was mainly represented by the shape of the talus. From the interactively
visualisation of the animated 3D SSM, the talus bone shape variation was extracted and is
shown in figure 6-8. The mean of PC 3 for males deviates from that in the population in a
negative direction with a mean of —0.007 mm. Such a deviation represents a longer and wider
talus bone in males compared to females who deviated in the positive direction (+2SD) with a
shorter and thinner talus bone. Also, the negative direction shows a wider tibia articular
surface (talus dome) and a larger posterior articular surface in males when compared to
females in the positive direction, who tend to have a thinner talus dome and smaller posterior

articular surface.

PC7 showed statistically significant differences between the sexes at p = 0.03, and this mode
represents only a small variation between the sexes mainly in the shape of the navicular bone.
For females, this mode deviated in a positive direction with a mean of 0.002 mm, which
represents a smaller and thinner bone mostly in the anterior portion of the bone with a less
deep articular surface in contact with the talus head when compared to the negative shape in
the male population. The shape variations were also extracted from the model and are

presented in figure 6-8.
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Figure 6-7. Differences in distal tibia bone shape seen for the PC 2 mode that significantly differentiate between participants
according to sex.

Note: All images were extracted from the animated model focusing on the mean and +2SD and -25D of bone shape. The
mean bone shape image includes a colour map that represents the point-to-point difference between the +25SD results
shown in blue and -25D shown in red.
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Figure 6-8. Differences in the talus and navicular bone shape seen for PC modes 3-7 that significantly differentiate between

participants according to sex.

Note: All images were extracted from the animated model focusing on the mean and +2SD and -25D of bone shape. The
mean bone shape image includes a colour map that represents the point-to-point difference between the +25SD results

shown in blue and -25D shown in red.
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6.2.2.2 Variations in talus bone area and dimensions between sexes
The length, height, and width of the talus bone, as well as three specific bone areas, were

measured using the SSM, as described in section 5.5.2. The previous bone shape analysis using
PC modes showed significant variations between the sexes in these bone areas, as well as in
the length and width of the bone (Figure 6-8). In this analysis, the aim was to quantify the
exact measurements for each variable and to explore sex-related differences. After testing for
the homogeneity of variances and normality, independent t-tests were conducted to compare
the mean bone area of the talus dome, talus head, and posterior facet between males and
females, as well as for the remaining measurements. The results shown in Table 6-8
demonstrate significant morphological differences between the sexes, with males having
larger bone areas and dimensions compared to females. These findings are consistent with

those noted in the previous bone shape analysis.

Table 6-8. Results of independent t test used to test for differences between the sexes in bone areas and dimensions quantified
from the distal tibia-talus-navicular 3D SSM.

Bone measurements Male N=83 Female N=123
P value

(mm/mm?) Mean £ (SD) Mean  (SD)

Talus dome (bone area) 1154 +11.5 9543 +7.5 <0.0001*
Talus head (bone area) 971.5+11.6 815.5+7.7 <0.0001*
Posterior facet (bone area) 621.3+7.3 510.4+5.1 <0.0001*
Talus length 60.3+0.3 54.8+0.2 <0.0001*
Talus width 44.8 £0.2 40.7+£0.1 <0.0001*
Talus height 38.1+0.2 35.07+0.1 <0.0001*
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6.2.3 Calcaneus 3D statistical shape model
The SSM was reconstructed using 50 PC modes, which in total account for 95% of the variation

in the shape of the bones included. Figure 6-9 shows a cumulative variance plot that
represents the variances accounted for by each PC mode. The first PC accounts for the highest

percentage of variance and each one after it accounts for less variance.
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Figure 6-9 Cumulative variance plot shows percentage of variance accounted for each PC mode in calcaneus 3D SSM.

6.2.3.1 Calcaneus bone shape variations between sexes
The histogram in figure 6-10 shows the differences in distribution between males and females

along the population bone shape vector which represents a line drawn between the mean
shapes of the male and female groups, and the averages of all 53 PC modes produced from

the 3D SSM for each participant were projected orthogonally onto the vector.
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Figure 6-10. Histogram showing the distribution of the averages of all PC modes used to reconstruct the calcaneus SSM,
for males and females on the population’s bone shape vector.

To further explore the distributional differences between sexes shown in figure 6-10, an
independent t-test was applied to compare the means of the population bone shape vector
for the calcaneus between males and females. The results indicate significant morphological

bone shape variations between the sexes as shown in table 6-9.

Table 6-9 Differences between means for males and females on the ankle bone shape vector.

Sex of participants Mean % (SD) P value

Bone shape vector

Males (N=83) -0.009 + 0.037

*
Females (N=123) 0.009 +0.034 0.0003
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To assess the variation in bone shape between the sexes represented by the PC modes, an
independent t-test was applied. Like the previous model including the remaining bones, only
the first 5 PC modes of the total of 50 PC modes used to reconstruct the model were included
in the analysis because they describe most of the variation noted in the model at

approximately 76.9%.

All PC modes met the assumptions of the homogeneity of variances using Levene’s Test and
normality using the Shapiro—Wilk test. The results show that the difference in calcaneus bone
shape between males and females is statistically significant in the PC modes 1, 4, and 5 with

p-values of 0.017, 0.005 and <0.0001 respectively. Results are presented in Table 6-10.

Table 6-10. Results of independent t-tests used to test the difference in PC modes representing variation in the 3D SSM bone
shape of the calcaneus between sexes.

Male N=83 Female N=123
PC mode (mm) P value
Mean £ (SD) Mean £ (SD)
PC1 0.008 + 0.057 -0.009 + 0.064 0.017*
PC2 0.002 £ 0.019 0.0001 +0.016 0.274
PC3 -0.0003 £ 0.018 0.0005 +0.021 0.734
PC4 0.004 +0.018 -0.002 +0.019 0.005*
PC5 0.005 +0.014 -0.003 +0.014 <0.0001*

The PC modes representing bone shape variation that showed significant differences between
the means of males and females from the independent t-tests were interactively visualized in
the animated 3D SSM, and then images were extracted that represent the variations noted
which are illustrated in figure 6-11. The first PC mode revealed a significant difference in
calcaneus bone shape between the sexes (P = 0.017). The shapes of the calcaneus for females
deviated from the mean calcaneus shape in the negative direction for the first PC mode, with

a mean of -0.009 mm.

As shown in the lateral view, females exhibited a narrower main calcaneus body width than
males. Additionally, the calcaneus tuberosity shows difference in the area where the achilles
tendon is attached; in females it is more superiorly prominent when compared to males at

+2SD. Moreover, the Gissane and Bohler’s angles varied between the sexes at +2SD, with
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females showing smaller angles in the -2SD and males having larger angles in the +2SD. In the
anterior view for PC 1, females at -2SD exhibited thinner posterior facet surfaces and thinner
cuboid facets compared to males at +2SD. Figure 6-11 illustrates these variations with red

arrows pointing to the specific differences.

Furthermore, PC 4 showed a significant difference in calcaneus bone shape between the sexes
(P = 0.005), particularly in the length of the calcaneus and the prominence of the medial
process. Females exhibited negative deviations from the mean calcaneus shape for PC 4 at -
0.002 mm, indicating a relatively shorter calcaneus bone in comparison to males in the medial
view. Additionally, the medial process of the calcaneus tuberosity was larger in females and
more inferiorly prominent than in males for the +2SD bone shape, as also observed in the

medial view.

PC 5 revealed significant differences in calcaneus bone shape between males and females (P
<0.0001), primarily in terms of size. The shapes of the female calcanei also deviated negatively
from the mean for PC 5, with a mean deviation of -0.003 mm (see table 6-10). When visualising
the variation in PC 5 using the SSM, differences were noted in the width of the calcaneus body
in the inferior view. Females tended to have a thinner calcaneus body, while males deviated
towards a wider bone area in the positive direction. Additionally, in the posterior view for PC
5, differences in overall calcaneus tuberosity size were noted. Females had a thinner calcaneus
tuberosity, while males showed wider bone areas at +25D in shape. Finally, the lateral process
of the calcaneus tuberosity was more laterally prominent in males (+2SD) than in females in

the negative direction.

All images showing the previously described variations were extracted from the model and
are presented in figure 6-11 using 5 anatomical views of the calcaneus (anterior, posterior,
medial, lateral and inferior) from all PC modes that showed significant differences between
the sexes. Each view includes three images (-2SD, mean and +2SD), presented with a colour

map for the mean bone shape.
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Figure 6-11. Differences in calcaneus bone shape seen for PC modes 1,4, and 5 that significantly differentiate between
participants according to sex.

Note: All images were extracted from the animated model focusing on the mean and +25D and -25D of bone shape. The

mean bone shape image includes a colour map that represents the point-to-point difference between the +25D results
shown in blue and -25D shown in red.
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6.2.3.2 Variations in calcaneus bone area between sexes
Three calcaneus bone measurements (calcaneus length, tuberosity bone area, and posterior

tuberosity width), were measured using the SSM, as described in section 5.5.2. The previous
analysis of bone shape using PC modes showed significant variations between the sexes in
these measurements (see Figure 6-11). In this analysis, the aim was to quantify the exact
measurements for each variable and to explore differences related to sex. After testing for the
homogeneity of variances and normality, independent t-tests were conducted to compare the
means of calcaneus length, tuberosity bone area, and posterior tuberosity width between the
sexes. The results shown in Table 6-11 demonstrate significant morphological differences
between the sexes, with males having larger and wider bone area and longer calcanei
compared to females. These findings are consistent with those of the previous bone shape

analysis.

Table 6-11. Results of independent t-tests used to test differences between sexes in three bone areas quantified from the
calcaneus 3D SSM.

Male N=83 Female N=123
Bone area (mm) p value
Mean % (SD) Mean t (SD)
Calcaneus length 85.02+4.1 78.6+t4.1 <0.0001*
tuberosity bone area 1587.9 £ 18.2 1288.6 + 13.8 <0.0001*
Tuberosity width 29.3+1.9 25.4+1.6 <0.0001*
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6.2.4 Association between ankle bone shape variations and knee/hip OA:
To assess differences in ankle bone shape between participants with and without OA in the

hip and knee joints, separate models were constructed for male and female participants. The
incidence of knee OA for each participant was determined using the K&L grading system,
where participants diagnosed with OA (K&L grade > 2 in the dominant knee) were considered
to have OA and those without OA (K&L grade < 2) were not. For hip OA, an overall Croft

modification of K&L grade >2 was used to determine the presence of radiographic OA.

The PC modes representing bone shape from each model were analysed separately, and the
variations in each model were extracted. In the male model, independent t-tests were used
to examine differences in ankle complex bone shape represented by the first 5 PC modes of
variation between participants with knee or hip OA and those without. All PC modes met the
assumptions of homogeneity of variances and normality. The first 5 PC modes included in this
analysis represent 76.34% of the total variation in the 3D ankle shape model. Other PC modes
of variation were not included as each represents only a small amount (<5%) of the total

variance shown in figures 6-12.
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Figure 6-12. Cumulative variance plot showing percentages of variance accounted for by each PC mode in full ankle male
SSM.
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The statistical analysis revealed a significant difference in the full ankle complex bone shape
between participants with knee OA and those without OA, specifically for PC 3 (p = 0.009),
and the full results are shown in table 6-12. Furthermore, the t-tests applied to the first five
PC modes in table 6-13 showed a significant difference (P =0.01) in ankle bone shape between

participants with and without hip OA, specifically for PC 4.

Table 6-12. Results of independent t-tests used to test the difference in ankle bone shape (represented by the PC modes of
variation resulting from the male 3D SSM) between male participants with and without knee OA.

Male N=83 Knee OA N=31 Non-Knee OA =52

p value
PC mode (mm) Mean £ (SD) Mean % (SD)
PC1 -0.003 + 0.03 -0.002 + 0.03 0.821
PC2 -0.005+ 0.03 0.0004 +0.03 0.433
PC3 -0.009 + 0.02 0.007 £ 0.02 0.009*
PC4 0.003 £ 0.02 -0.002 +0.02 0.264
PC5 0.003+0.01 -0.002 £ 0.01 0.157

Table 6-13. Results of independent t-tests used to test the difference in ankle bone shape represented by the PC modes of
variation resulting from the male 3D SSM between male participants with and without hip OA.

Male N=83 Hip OA N=26 Non-Hip OA N=57

p value
PC mode (mm) Mean £ (SD) Mean t (SD)
PC1 -0.005 £ 0.03 -0.001 £ 0.03 0.690
PC2 -0.006 + 0.03 -0.0001 + 0.03 0.421
PC3 -0.001 £ 0.02 0.0005 +0.02 0.785
PC4 -0.009 £ 0.02 0.004 +0.02 0.010*
PC5 0.0007 £0.01 0.0003 £ 0.01 0.927

The PC modes that exhibited significant bone shape variation between male participants with
and without knee and hip OA were visualised in an animated male 3D SSM. Images
representing the variation were then extracted from the model and are shown in figure 6-13
using different anatomical views of the full ankle complex from both PC modes that showed
significant differences between knee OA and non OA male particpents. Each view includes
three images (-2SD, mean and +2SD). PC 3 showed a statistically significant difference in bone

shape variation between knee OA and non-OA male participants (P = 0.009), where OA
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participants deviated from the mean ankle complex shape in the negative direction for PC 3

with a mean of -0.009 mm.

Negative deviations from the mean ankle complex shape, as shown in figure 6-13, primarily
represent variations in articulation and bone alignment which indicate foot posture. The -25D
group displayed a more pronated ankle shape, with the calcaneus more everted than in the
+2SD group. Moreover, the height of the navicular bone differed, with the -2SD group showing
a greater decline than that in the +2SD group, as seen in the lateral oblique view in figure 6-
13. For more clarity, an extracted video from the modle showing the variations is found in this

link https://vimeo.com/819372861?share=copy

Additionally, the results indicate that PC 4 was associated with a statistically significant
difference in bone shape between male participants with hip OA and those without (P =
0.010), where OA participants exhibited a negative deviation from the mean ankle complex
shape direction with a mean of -0.009 mm. The negative deviation primarily indicates a more
supinated foot posture, as observed in the main and +2SD images extracted from the 3D SSM,
as well as a calcaneus bone inversion motion combined with the external rotation of the distal
tibia, as observed in the superior view in figure 6-13. Additionally, the talus bone showed more
abduction and dorsiflexion compared to the +2SD. A video showing the variations is found

here https://vimeo.com/819373807?share=copy
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Figure 6-13. Differences in bone shape for PC modes that significantly differentiate between male participants with knee and

hip OA and those without OA. The images were extracted from the animated male 3D SSM and focus on the mean, +25D, and
-25D of bone shape. PC3 showed significant differences between participants with knee OA and those without, and PC4

showed significant differences between participants with hip OA and those without.



Independent t-tests were also used to examine the differences in the ankle complex bone
shape represented by the PC modes of variation between female participants with knee OA
and others without knee OA, as well as between participants with and without hip OA. The
assumptions of the homogeneity of variances and normality were tested, and all PC modes

satisfied those assumptions.

The analysis included only the first 5 PC modes, which accounted for 77.18% of the variation
in the female 3D ankle shape model. Other PC modes were not included because each

represented less than 5% of the total variance as shown in figure 6-14.
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Figure 6-14. Cumulative variance plot showing percentage of variance accounted for by each PC mode in the full ankle female
SSM.

The results show that the differences in the full ankle complex bone shape between female
participants with knee OA and without are statistically significant only for PC4 (p =0.012), and
the full results are shown in table 6-14. Furthermore, the results from the t-tests applied on
the first five PC modes shown in table 6-15 show that only PC 5 showed significant differences

(p=0.013) in ankle complex bone shape between female participants with and without hip OA.
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Table 6-14. Results of independent t-tests used to test the difference in ankle bone shape represented by the PC modes of
variation resulting from the female 3D SSM between female participants with and without knee OA.

Female N=123 Knee OA N=38 Non-Knee OA N=85

p value
PC mode (mm) Mean £ (SD) Mean t (SD)
PC1 0.003 £0.03 -0.001 £ 0.03 0.579
PC2 -0.008 £ 0.03 0.003 £0.03 0.107
PC3 -0.001 £ 0.02 0.0006 +0.02 0.643
PC4 -0.006 + 0.02 0.003 £ 0.02 0.012*
PC5 -0.002 +0.01 0.0009 +0.01 0.363

Table 6-15 Results of independent t-tests used to test the differences in ankle bone shape represented by the PC modes of
variation resulting from the female 3D SSM between female participants with and without hip OA.

Female N=123 Hip OA N=45 Non-Hip OA N=78

p value
PC mode (mm) Mean £ (SD) Mean % (SD)
PC1 -0.006 £ 0.03 0.004 £0.03 0.240
PC2 0.004 £0.03 -0.002 £ 0.03 0.337
PC3 0.001£0.02 -0.0008 £ 0.02 0.632
PC4 -0.0006 £ 0.02 -0.001 £ 0.02 0.800
PCS5 -0.005 £ 0.01 0.003 +£0.01 0.013*

Both PC modes that show significant bone shape variation between female participants with
and without OA were then interactively visualized in the animated female 3D SSM. PC 4
showed a statistically significant difference in bone shape variation between knee OA and non-
OA female participants (P = 0.012) where OA participants deviated from the mean ankle
complex shape in the negative direction of PC 4 with a mean of -0.006 mm. Negative
deviations from the mean ankle complex shape described in figure 6-15 show variations in
articulation and bone alignment representing foot posture, where the -2SD results showed
that the calcaneus was more everted compared to that at +2SD. Also, the height of the
navicular bone was different, as seen in the anterior view in figure 6-15, where in the -25D
results the height declined more when compared with +2SD. Such variations show a more

pronated ankle shape in the -2SD.
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PC 5 showed a statistically significant difference in bone shape between female participants
with hip OA and those without (P = 0.013) where OA participants deviated from the mean
ankle complex shape in the negative direction of PC 4 with a mean of -0.005 mm. Negative
deviation from the mean ankle complex shape direction as described in figure 6-15 mostly
shows a more supinated foot posture when compared to the mean and +2SD images extracted
from the 3D SSM, where the calcaneus bone showed a greater inversion motion combined

with the internal rotation of the distal tibia seen in the superior view in figure 6-15.
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Figure 6-15. Differences in the bone shape for PC modes that significantly differentiate between female participants with knee
and hip OA and those without. All images are extracted from the animated female 3D SSM focusing on the mean, +25D, and
-2SD of bone shape. PC3 showed significant differences between female participants with knee OA and those without, while

PC4 showed significant differences between female participants with hip OA and those without.
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Chapter 7 Joint space width results

in this chapter, the results of the association between the ankle JSW measurements and other
relevant clinical variables are presented using figures and tables. Starting by exploring the
confounding variables and then the results of each relationship examined is presented in a

separate section.

7.1 Confounding factors
Confounders can distort the association between predictor and outcome variables in cases

where the study groups differ significantly with respect to these factors(389). They can be
controlled for in the analysis if sufficient information about their status is available(389). The
main outcome variables in this analysis are the six JSWs of the ankle joint, which are likely
influenced by sex, ethnicity, age, and BMI based on what is seen in studies mentioned in
chapter 3. The aim is to explore the association between ankle JSW and other clinical
variables, including BMD, knee JSW, and hip JSW, which may also be influenced by sex, age,
and BMI (85, 390, 391).

To identify potential confounding factors for example, in the association between ankle JSW
and knee JSW, a DAG analysis was performed. The DAG suggested that BMI, sex, age and
ethnicity could be confounding factors in this relationship. Since they were found to be
associated with both ankle and knee JSW as seen in figure 7-1 below. However, all the
participants recruited in this cohort were born in the same year, so controlling for age is not
necessary. Also, they all share the same ethnicity background as they are members of a birth
cohort. Therefore, only BMI and sex were thought to be potential confounding factors in this
analysis. Statistical adjustment was performed by including BMI and sex as covariates in the
regression model, which allowed for examination of the association between ankle JSW and
knee JSW while controlling for these potential confounding factors.

The DAG analysis for other associations, such as BMD and hip JSW, yielded similar results to
that for the knee JSW. As all participants in this cohort were born in the same year and share

the same ethnicity background, controlling for age is not necessary in this analysis.
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Figure 7-1 shows a Directed Acyclic Graph (DAG) depicting the causal relationships between ankle joint space width (JSW),
knee JSW, and potential confounding variables. The graph shows that BMI, age, sex, and ethnicity may be confounding factors
in the relationship between ankle JSW and knee JSW. Adjusting for these variables in the statistical analysis can help to control
for their effects.

Furthermore, the following section summarizes the relationship between sex and other
exposure variables considered for the analysis, such as body scale measurements, joint pain
scores, WOMAC scores, OA in the joints and BMD. To assess if sex showed be controlled for

when exploring the association with such variables.

7.1.1 Body scale measurements for each sex
Table 7-1 shows the descriptive statistics for the three body scale measurements of height,

weight, and BMI in each sex. Differences between males and females regarding those features
were assessed using the independent t-test for normally distributed data (height), and the
non-parametric alternative Mann Whitney U test was used for the data which is not normally
distributed (weight and BMI). Height and weight showed significant differences between sex,
but BMI did not as present in figure 7-2 below. Therefore, adjusting for the confounding effect

of sex in the subsequent analysis is necessary.
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Table 7-1 Descriptive statistics for the three body scale measurements in each

. Male Female
Variable N=83 N=123
Height (m) (mean = SD) 1.73 £ 0.055 1.61 £ 0.06
Weight (Kg) median (IQR) 82.9 (76.1-93.2) 70.2 (62-81.1)
BMI (Kg/m?2) median (IQR) 27.44 (25.30-31.06) 26.79 (23.85-30.63)
A. Height B. Weight
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Figure 7-2. Differences in body scale measurements between the sexes: A) bar chart representing mean height (p<0.001);

and box plots showing the median and inter-quartile range (IQR) for B) weight (p<0.001) and C) BMI (p=0.389).
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To determine if males and females differed significantly regarding the incidence of OA (Figure
7-3) or occurrence of pain in the hip and knee (Figure 7-4), an analysis using Pearson’s chi-
squared test was conducted. The results showed no significant association between sex and
either pain or OA in the joints. Therefore, adjusting for the confounding effect of sex in the

subsequent analysis was not deemed to be necessary.

A. Frequency of Hip OA by B. Frequency of Knee OA by
Sex Sex
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Figure 7-3. Bar charts representing the association between sex and the frequency of OA in: A) the hip (p=0.436) (A), and
knee (p=0.445).

A. Frequency of Hip Pain by B. Frequency of Knee Pain by
Sex Sex P=0.132
100 95 P=0896 %
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Figure 7-4. Bar charts representing the association between sex and the frequency of joint pain in: A) the hip (p=0.896);

and knee (p=0.132).
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7.1.2 Sexdifferences in pain, stiffness. physical activity and overall WOMAC score
The Mann Whitney U test was used to determine whether there were any significant

differences between the sexes in the population in four variables obtained from the WOMAC
scoring system: pain, stiffness, physical activity and overall WOMAC score. The results
presented in table 7-2 below indicate no statistically significant differences between males
and females in the variables tested. Therefore, adjusting for the confounding effect of sex in

the subsequent analysis was not deemed to be necessary.

Table 7-2. Descriptive statistics for each sex regarding the four potential confounding variables and the results of

the Mann Whitney U test.

Male Female
Variable p-value
Median IQR Median IQR
Pain 4 0-12 3 0-14 0.669
Stiffness 0 0-6 0 0-5 0.818
Physical activity 8 0-25 4 0-41 0.883
Overall WOMAC 12 0-43 11 0-58 0.833
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7.1.3 BMD measurements for each sex
Differences between males and females were examined in each of the four BMD

measurements. Student’s t-test or Mann-Whitney U tests were used according to whether the
assumptions of the normality or homogeneity of variance of the data were satisfied. Table 7-
3 shows very strongly statistically significant differences in all BMD measures except those for
the necks of the right femurs (p=0.148). Therefore, adjusting for the confounding effect of sex

in the subsequent analysis is needed.

Table 7-3 Descriptive statistics and the significance of differences in BMD measurements among each sex.

Male Female
BMD (g/cm?) p value
N=83 N=123
Spine
1.15+0.12 1.00 £ 0.14 <0.001*
(mean % SD)
Lower limbs
1.31+£0.12 1.11+£0.11 <0.001*
(mean % SD)
Right femur neck
0.93+0.12 0.91+0.13 0.148
(mean % SD)
Total right femur 1.03 0.95
<0.001*
(median, IQR) 0.95-1.15 0.88-1.04
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7.2 Association of 3D MRI ankle JSW with participant’s sex.

The association between JSW measurements produced from the 3D SSM and participants' sex
was assessed using independent t-tests for data which was normally distributed and the non-
parametric Mann Whitney U test for that which was not. The results indicate that females had
statistically significantly smaller JSWs than males across all six JSW measures which were
analyzed, as shown in table 7-4. The Mann Whitney U test compares the entire distributions
of the two groups whereas the median values indicate the direction of the difference, and the

findings suggest that sex is a significant factor influencing JSW.

Table 7-4. Results of independent t-test and Mann Whitney U test used to test the difference in JSWs between sexes

Male Female
Ankle JSW (mm) p value
N=83 N=123
Tibial plafond 2.56 2.19
<0.001*
(median, IQR) (2.26-3.00) (1.85-2.59)
Medial malleolus 3.2 2.83
<0.001*
(median, IQR) (2.75-3.77) (2.34-3.28)
Talonavicular
1.50 £ 0.33 1.29+0.34 <0.001*
(mean % SD)
Tibiofibular 2.53 2.29
0.003*
(median, IQR) (2.18-2.92) (1.97-2.71)
Subtalar posterior facet 3.08 2.49 0.001
<0. *
(median, IQR) (2.56-3.62) (2.12-3.00)
Subtalar medial facet
444 +1.28 3.7+1.20 <0.001*

(mean * SD)
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7.3 Association of ankle JSWs with the body anthropometry variables of height,
weight, and BMI
To explore the association between ankle JSW measurements produced from the SSM and

body anthropometry variables, linear regression modelling was used to determine the
relationship between JSW and height, weight, and BMI. That the assumptions of the normality
and homoscedasticity of the data were met was ensured by obtaining log values for the tibial
plafond, medial malleolus, tibiofibular, and subtalar posterior facet in all models. Two separate
models were fitted for each scale: a univariable model and a multivariable model adjusted for

sex to remove any confounding effect of this variable.

Univariable models were fitted separately for each JSW measurement as the outcome variable
was regressed against height as the predictor variable. The results from the univariable
modelling shown as Model 1 in table 7-5 showed a significant association between height and
all JSW measurements. However, in the multivariable model adjusted for sex (Model 2 in table
7-5), there were no significant associations between any of the JSW measurements and
height. This suggests that the significant association found in the univariable models was

driven by the effect of sex in the population.

Univariable models were used to explore the association between weight and each JSW
measurement, and significant relationships were found for all JSW measurements except the
subtalar medial facet. Full results are designated as Model 1 in table 7-6. However, in the
multivariable models adjusted for sex, there were again no significant associations between
any of the JSW measurements and weight (Model 2 in table 7-6). These findings are like those
for height and indicate that the significant relationship found in the univariable models was

driven by the effect of sex in the population.

Statistically significant associations were found between BMI and the ankle joint width space
measurements for the talonavicular and medial malleolus. These associations remained
significant even after adjustment for sex in the multivariable models. However, no significant
relationships were found between BMI and the remaining four ankle JSW. In the multivariable

model, the medial malleolus JSW showed a weak positive association with BMI, with a
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regression coefficient of 0.006 (P = 0.04), suggesting that a one-unit increase in BMI is
associated with an approximate 0.7% increase in medial malleolus JSW. Similarly, the
talonavicular JSW showed a weak positive association with BMI, with a coefficient of 0.001 (P

=0.01). Results for both univariable and multivariable models are presented in table 7-7.

It was also important to investigate potential interactions between body anthropometry
variables and sex to determine if the effects of these variables on ankle JSWs differ between
males and females. Multiple regression models were used to identify any such potential
interactions. The results presented in table 7-8 indicate that there were no significant
interactions between sex and any of the body scale variables of height, weight, and BMI for

any of the JSW measurements.
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Table 7-5. Results of the linear regression modelling applied to assess the relationship between height and all ankle JSWs.

Height (cm)
Ankle JSW (mm) Model 1 Model 2
N=206
Coefficient 95% ClI P R2 Coefficient 95% ClI P R2

Tibial plafond 0.004 [0.0009, 0.008] 0.015* 0.03 0.003 [-0.001, 0.008] 0.177 0.13
Medial malleolus 0.007 [0.002,0.011] 0.002%* 0.04 0.0009 [-0.006, 0.005] 0.712 0.12
Talonavicular 0.008 [0.002,0.013] 0.006* 0.03 0.0006 [-0.008, 0.007] 0.864 0.09
Tibiofibular 0.003 [0.0001, 0.007] 0.041* 0.01 0.002 [-0.001, 0.008] 0.206 0.05
Subtalar

0.009 [0.003, 0.014] 0.001%* 0.04 0.003 [-0.004, 0.010] 0.397 0.09
posterior facet
Subtalar medial

0.022 [0.001, 0.043] 0.037* 0.02 0.009 [-0.019,0.039] 0.510 0.07
facet

Model 1 is the univariable analysis, and Model 2 the multivariable analysis adjusted for sex. Log values were used of the
JSWs for the tibial plafond, medial malleolus, tibiofibular and subtalar posterior facets.
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Table 7-6. Results of the linear regression modelling applied to assess the relationship between weight and all ankle JSWs.

weight (kg)
Ankle JSW (mm) Model 1 Model 2
N=206
Coefficient 95% Cl P R2 Coefficient 95% Cl P R2

Tibial plafond 0.003 [0.0008, 0.005] 0.006* 0.04 0.001 [-0.001, 0.003] 0.298 0.13
Medial malleolus 0.004 [0.001, 0.006] 0.001* 0.06 0.002 [-0.0002,0.004] 0.080 0.14
Talonavicular 0.006 [0.003, 0.009] 0.001* 0.07 0.004 [-0.0007,0.007] 0.073 0.12
Tibiofibular 0.001 [0.0005, 0.003] 0.004* 0.01 0.0003 [-0.001, 0.002] 0.770 0.05
Subtalar

0.004 [0.002, 0.007] 0.001* 0.09 0.003 [-0.001, 0.006] 0.064 0.11
posterior facet
Subtalar medial

0.004 [-0.006, 0.016] 0.402 0.01 0.004 [-0.01, 0.008] 0.529 0.06
facet

Model 1 is the univariable analysis, and Model 2 the multivariable analysis adjusted for sex. Log values were used for

the JSWs of the tibial plafond, medial malleolus, tibiofibular, and sub talar posterior facet.
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Table 7-7. Results of the linear regression modelling applied to assess the relationship between BMI and all JSWs.

BMI (kg/m?)
Ankle JSW (mm) Model 1 Model 2
N=206
Coefficient 95% Cl P R2 Coefficient 95% Cl P R2
Tibial plafond 0.006 [-0.006, 0.01] 0.077 0.03 0.004 [-0.01, 0.01] 0.114 0.12

Medial malleolus 0.007 [0.0003, 0.01] 0.041* 0.04 0.006 [0.001,0.01] 0.045* 0.13

Talonavicular 0.002 [0.002, 0.02] 0.015* 0.05 0.001 [0.002,0.02] 0.016* 0.11
Tibiofibular 0.002 [-0.003, 0.009] 0.375 0.01 0.002 [-0.003, 0.008] 0.417 0.06
Subtalar

0.007 [0.0009, 0.01] 0.081 0.03 0.007 [-0.001, 0.01] 0.092 0.10
posterior facet

Subtalar medial
-0.007 [-0.04, 0.03] 0.700 0.003 -0.009 [-0.03, 0.02] 0.615 0.07
facet

Model 1 is the univariable analysis, and Model 2 the multivariable analysis adjusted for sex. Log values were used for
the JSWs of the tibial plafond, medial malleolus, tibiofibular, and subtalar posterior.
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Table 7-8. Results from linear regression applied to assess the interaction between sex and body scale variables: the p
values presented are for the interaction term.

Interaction term P value for sex with body scale variables on

ankle JSW

Ankle JSW (mm . )
N=206 (mm) Height Weight BMI

P-value P-value P-value
Tibial plafond p=0.369 p=0.408 p=0.299
Medial malleolus p=0.416 p=0.351 p=0.263
Talonavicular p=0.090 p=0.933 p=0.343
Tibiofibular p=0.871 p=0.503 p=0.487
Subtalar p=0.307 p=0.935 0=0.843
posterior facet
Subtalar medial p=0.498 p=0.252 p=0.425

facet

207



Owing to the potential lack of statistical power relating to the interaction term, the
decision was made to stratify the data according to the participant’s sex. The aim of this
was to provide a more detailed explanation of the relationships between the three body
scale measurements and the morphological variation in JSW in both sexes. Therefore,
linear regression models were applied after separating the data according to sex so as to
assess the relationships between height, weight, and BMI and the JSW of all ankle joints

for each sex separately.

No significant associations were found in either sex between any of the JSWs and height
or weight, as shown in tables 7-9 and 7-10 respectively. The stratified results are thus fully
consistent with the results of the multivariable analysis where the data were adjusted for

sex as presented above.

Only the JSWs for the medial malleolus and the talonavicular showed significant
associations with BMI in females, but this was not the case in males and no other
associations were found in either males or females in the remaining joints. These results
indicate that the significant associations noted in the combined model with BMI shown in
table 7-7 were stronger in the female population. These findings are illustrated in table 7-

11.
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Table 7-9. Results of the linear regression modelling applied to assess the relationship between height and all JSWs for

males and females separately.

Height (cm)
Ankle JSW (mm) Male (N=83) Female (N=123)
Coefficient 95% ClI P Coefficient 95% ClI P

Tibial plafond 0.002 [-0.0005, 0.005] 0.108 0.005 [-0.001, 0.011] 0.113
Medial malleolus 0.008 [-0.019, 0.035] 0.569 0.013 [-0.005, 0.031] 0.164
Talonavicular 0.009 [-0.004, 0.022] 0.179 0.006 [-0.003, 0.019] 0.241
Tibiofibular 0.007 [-0.012, 0.027] 0.461 0.008 [-0.009, 0.024] 0.353
Subtalar posterior

0.006 [-0.006, 0.018] 0.339 0.0006 [-0.007, 0.008] 0.875
facet
Subtalar medial facet 0.004 [-0.035, 0.046] 0.882 0.017 [-0.018, 0.052] 0.338

Log values were used for the JSWs of the tibial plafond and subtalar posterior facets.
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Table 7-10. Results of the linear regression modelling applied to assess the relationship between weight and all JSWs for

males and females separately.

Weight (kg)
Ankle JSW
(mm) Male (N=83) Female (N=123)
Coefficient 95% Cl P Coefficient 95% Cl P

Tibial plafond 0.0005 [-0.008,0.009] 0.911 0.001 [-0.001, 0.003] 0.193
Medial

0.006 [-0.003, 0.004] 0.730 0.008 [-0.002, 0.011] 0.060
malleolus
Talonavicular 0.003 [-0.001, 0.009] 0.163 0.004 [-0.0003, 0.001] 0.057
Tibiofibular 0.002 [-0.010, 0.006] 0.635 0.009 [-0.005, 0.003] 0.552
Subtalar

0.003 [-0.002,0.008] 0.253 0.003 [-0.0006, 0.006] 0.086
posterior facet
Subtalar medial

0.005 [-0.02, 0.15] 0.613 0.009 [-0.005, 0.024] 0.219
facet

Log values were used for the JSWs of the tibial plafond, medial malleolus, and subtalar posterior facets.
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Table 7-11. Results of the linear regression modelling applied to assess the relationship between BMI and all JSWs

for males and females separately.

BMI (kg2M)

Ankle JSW (mm) Male (N=83) Female (N=123)

Coefficient 95% Cl P Coefficient 95% Cl P
Tibial plafond 0.002 [-0.02, 0.03] 0.852 | 0.007 [-0.0004, 0.014] 0.063
Medial malleolus 0.002 [-0.01, 0.012] 0.758 | 0.028 [0.004, 0.051] 0.018*
Talonavicular 0.007 [-0.001, 0.24] 0.372 ] 0.013 [0.001, 0.024] 0.025*
Tibiofibular 0.0007 [-0.01, 0.001] 0.881 | 0.004 [-0.003, 0.010] 0.323
Subtalar posterior

0.005 [-0.01, 0.02] 0.522 | 0.008 [-0.001, 0.01] 0.096
facet
Subtalar medial

-0.012 [-0.05, 0.07] 0.709 | -0.018 [ -0.05, 0.02] 0.378

facet

Log values were used for the JSWs of the tibial plafond, medial malleolus, and subtalar posterior facets.
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7.4 Association of ankle JSW with knee clinical variables of pain, OA, and
radiographic mJSW
The relationship between contemporaneously reported knee pain and morphological

variations in ankle JSWs for all joints included was examined. The aim was to investigate if
participants with knee pain had different ankle JSW values compared to those without
knee pain. Independent t-tests were used when both groups of data were normally
distributed with homogeneity of variances. When these assumptions were not met, the
non-parametric Mann Whitney U test was used. The results presented in table 7-12 below
indicate that ankle JSWs did not differ significantly between participants with and without

reported knee pain.

The differences in ankle JSWs between participants with and without knee OA was then
explored, with independent t-tests or Mann-Whitney U tests used to investigate the
differences between all ankle JSWs and OA of the knee joint. As shown in table 7-13, the
OA group showed narrower JSW in most of the joints compared to the non-OA. However,
no significant differences were found in between participants diagnosed with OA (K&L
grade > 2 in the dominant knee) and those without OA (K&L grade < 2) in any of the ankle
JSW.
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Table 7-12.

Results of tests for differences in ankle JSWs based on knee pain.

Pain in the knee

Pain in the knee

Ankle JSW (mm)
No Yes P-value
N=140 N=66
Tibial plafond
2.42 +£0.59 2.41+0.55 0.907
(mean £ SD)
Medial malleolus 3.00 3.07
0.800
(median, IQR) (2.51-3.44) (2.55-3.58)
Talonavicular
1.37£0.35 1.39+£0.34 0.717
(mean % SD)
Tibiofibular 2.40 2.24
0.303
(median, IQR) (2.07-2.85) (1.87-2.94)
Subtalar posterior facet 2.70 2.65 0.550
(median, IQR) (2.25-3.32) (2.17-3.16) '
Subtalar medial facet
412 +1.36 4.02+1.23 0.626
(mean £ SD)
Table 7-13. Results of tests for differences in JSWs based on knee OA status.
Ankle JSW (mm) Non-OA OA
P value
N=130 N=76
Tibial plafond
2.44 £ 0.55 2.36 £ 0.57 0.321
(mean * SD)
Medial malleolus 3.01 3.09 0171
(median, IQR) (2.43 - 3.44) (2.70 - 3.50) '
Talonavicular
1.40 £ 0.33 1.35+0.37 0.491
(mean * SD)
Tibiofibular 2.49 2.36
0.316
(median, IQR) (2.07-2.85) (1.87-2.94)
Subtalar posterior facet 2.78 2.61 0.096
(median, IQR) (2.29-3.34) (2.08-3.17) '
Subtalar medial facet
3.99+1.23 417 £1.29 0.879

(mean * SD)
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Another aim of this study was to investigate the relationship between the JSWs of the
joints in the ankle complex region and knee mJSWs using linear regression models. The
log values for the tibial plafond, medial malleolus, and subtalar posterior facet were
obtained since the assumptions of the normality and homoscedasticity were not met, and
two models were fitted for each side: a univariable model and a multivariable model

adjusted for sex and BMI.

The results presented in table 7-14 show that all ankle JSWs were significantly associated
with the right knee mJSWs in the univariable model, except for the tibiofibular and
subtalar medial facet. After adjustment for sex and BMI in the multivariable model, only
the associations of the JSWs of the tibial plafond and subtalar posterior facet remained
significant at b= 0.04 (P = 0.035) and b= 0.08 (P = 0.001) respectively. This suggests that a
4% increase in tibial plafond JSW and an 8% increase in subtalar posterior facet JSW is
associated with a 1 mm increase in right knee mJSW, as the regression models were

applied using log values of data for these joint space widths.

For the left knee mJSW, the univariable model showed significant associations with all
ankle JSWs except for that of the subtalar medial facet. However, after adjusting for
confounders in the multivariable model, no significant associations were noted with any

ankle JSWs. The results are presented in table 7-15.

Finally, the association between ankle JSWs and the ipsilateral knee mJSW (also the side
of the dominant ankle that was scanned) was also examined. The univariable model
showed significant associations between all ankle JSWs and ipsilateral knee mJSW, except
for that of the subtalar medial facet. However, the multivariable model adjusted for sex
and BMI showed similar results as for the right knee JSW model, with only the JSWs of the
tibial plafond and subtalar posterior facet retaining significant relationships. This may be
because only 20 participants had the left dominant ankle scanned and therefore did not
differ significantly from the results for the right knee mJSW. The results are presented in

table 7-16.
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Table 7-14. Results of the linear regression modelling applied to assess the relationships between right knee mJSW

and all ankle JSWs.

Right knee mJSW (mm)

Ankle JSW (mm) Model 1 Model 2
N=206
Coefficient 95% Cl P R2 Coefficient 95% Cl P R2

Tibial plafond 0.05 [0.018, 0.091] 0.003* 0.05 0.04 [0.0008, 0.07] 0.035* 0.15
Medial malleolus 0.05 [0.008, 0.09] 0.017* 0.03 0.03 [-0.01, 0.06] 0.168 0.14
Talonavicular 0.06 [0.004, 0.11] 0.034%* 0.03 0.03 [-0.02, 0.09] 0.195 0.14
Tibiofibular 0.06 [-0.02, 0.15] 0.152 0.01 0.04 [-0.05, 0.13] 0.404 0.06
Subtalar

0.094 [0.07,0.12] <0.001* 0.07 0.089 [0.03, 0.14] 0.001* 0.14
posterior facet
Subtalar medial

-0.05 [-0.26, 0.14] 0.582 0.004 -0.07 [-0.28, 0.13] 0.490 0.09
facet

Model 1 represents the univariable analysis, while Model 2 is the multivariable analysis adjusted for sex and BMI. Log

values were obtained of the JSWs for the tibial plafond, medial malleolus, tibiofibular, and subtalar posterior facet.
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Table 7-15. Results of the linear regression modelling applied to assess the relationships between left knee mJSW and all ankle JSWs.

Left knee mJSW (mm)

Ankle JSW (mm) Model 1 Model 2
N=206
Coefficient 95% ClI P R2 | Coefficient 95% ClI P R?

Tibial plafond -0.36 [-0.56, -0.17] 0.002* 0.06 -0.19 [-0.37,0.002] 0.055 0.20
Medial malleolus 0.046 [0.016,0.076] 0.005* 0.04 0.020 [-0.009, 0.049] 0.182 0.18
Talonavicular 0.056 [0.018,0.095] 0.009* 0.04 0.027 [-0.010,0.066] 0.159 0.14
Tibiofibular -0.12 [-0.31, 0.05] 0.172 0.01 -0.07 [-0.25, 0.11] 0.457 0.14
Subtalar posterior

0.047 [0.002,0.093] 0.039* 0.02 0.033 [-0.010,0.077] 0.135 0.15
facet
Subtalar medial

-0.078 [-0.27, 0.11] 0.429 0.003 -0.18 [-0.37,0.005] 0.057 0.10
facet

Model 1 represents the univariate analysis, and Model 2 is the multivariate analysis adjusted for sex and BMI. Log values were obtained of the JSWs for the

tibial plafond, medial malleolus, and subtalar posterior facet.
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Table 7-16. Results of the linear regression modelling applied to assess the relationships between Ipsilateral knee mJSW and all ankle JSWs.

Ipsilateral knee mJSW (mm)

Ankle JSW (mm) Model 1 Model 2
N=206
Coefficient 95% Cl P R2 Coefficient 95% ClI P R2

Tibial plafond 0.055 [0.019,0.091] 0.003* 0.04 0.038 [0.002, 0.074] 0.038* 0.15
Medial malleolus 0.049 [0.009, 0.089] 0.016* 0.03 0.028 [-0.011, 0.068] 0.160 0.14
Talonavicular 0.063 [0.008, 0.11] 0.024* 0.02 0.040 [-0.014,0.096] 0.151 0.13
Tibiofibular 0.063 [-0.023, 0.15] 0.153 0.01 0.041 [-0.049,0.13] 0.374 0.06
Subtalar posterior

0.094 [0.046,0.14] <0.001* 0.07 0.082 [0.032,0.13] 0.001* 0.13
facet
Subtalar medial

-0.054 [-0.26, 0.15] 0.602 0.002 -0.078 [-0.28, 0.13] 0.462 0.09
facet

Model 1 represents the univariate analysis, and Model 2 is the multivariate analysis adjusted for sex and BMI. Log values were obtained of the JSWs for the

tibial plafond, medial malleolus, and subtalar posterior facet.
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To explore the potential effect modification of sex on the relationship between knee
mJSW variables quantified from the right, left and ipsilateral knee and ankle JSWs, a linear
regression analysis was conducted which included an interaction term between knee JSW
and sex. The results presented in table 7-17 show that the interaction term was not
statistically significant in any of the analyses, indicating that no evidence could be found

of sex modifying the association between ankle JSWs and knee mJSW.

Table 7-17. Results for the interaction term from linear regression applied to assess the interaction between sex and
knee mJSW: the P values presented are for the interaction term.

Interaction term P value for sex with knee joints on ankle JSW

Ankle JSWs
(mm) Right knee mJSW  Left knee mJSW Ipsilateral knee mJSW
N=206

P-value P-value P-value
Tibial plafond p=0.574 p=0.389 p=0.593
Medial malleolus p=0.669 p=0.553 p=0.656
Talonavicular p=0.725 p=0.255 p=0.774
Tibiofibular p=0.932 p=0.793 p=0.866
Subtalar p=0.447 p=0.462 p=0.442
posterior facet
Subtalar medial p=0.749 p=0.653 p=0.721

facet
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Even though no significant interaction was observed, the data were stratified according to
each participant’s sex to gain a more in-depth explanation of the effect of sex on the
association between knee mJSW and ankle JSW. The regression models were then run
again for each sex separately to assess the association between ankle JSWs and Knee
mJSW quantified from the right, left, and ipsilateral knee to the scanned ankle. For each
group, two models were produced: a univariable Model 1; and a multivariable Model 2

adjusted for BMIL.

Because assumptions of the normality and homoscedasticity of the data were not met,
log values for the female participants of the tibial plafond, medial malleolus, and subtalar
posterior facet were obtained. Table 7-18 shows that only the tibial plafond JSW had a
significant association with left knee mJSW in the univariable model (R?> = 0.04, b =-0.053,
P = 0.04). However, this association disappeared in the multivariable model (R? = 0.06, b
=-0.043, P =0.113). The subtalar posterior facet was the only joint that showed significant
association before and after adjustment with the right knee JSW (R2=0.07, b = 0.077,P =
0.025). Similar results were noted in the ipsilateral knee, as only 10 females had their left

dominant ankles scanned.

In the male population, after the normality and homoscedasticity assumptions were not
supported, log values of the JSWs of the tibial plafond, medial malleolus, and subtalar
posterior facet were obtained. For each ankle JSW, linear regression models were applied
with the right, left, and ipsilateral knee mJSW as the independent variable. Table 7-19
shows that the tibial plafond had a trend similar to what is noted with the right knee mJSW
in the combined analysis for both sexes. However, the association was not significant (R?
= 0.05, b =0.044, P = 0.08). In contrast, the subtalar posterior facet did have a significant

association with the right knee mJSW measurements (R? = 0.09, b = 0.098, P = 0.015).

The left knee mJSW did not show any significant association with any of the ankle JSWs.
However, the mJSW value of ipsilateral knee to the ankle scanned showed similar results
as the right knee model, possibly due to only 10 participants having their left ankle

scanned.
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Overall, the results from the stratified data follow a similar trend to the combined data,
where the data did not show differences in the association between both males and
females. The only slight differences are related to the p-value, where it is higher in the
stratified data which could be due to the loss of statistical power after stratifying the data.
However, the magnitude and direction of the association were comparable especially for
both the tibial plafond and the subtalar posterior facet, as seen in the results of the

combined model.
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Table 7-18. Results of the linear regression modelling applied to assess the relationship between right, left, and ipsilateral knee mJSW with

ankle JSWs in the female population.

Ankle JSWs (mm)

Right knee mJSW

Left knee mJSW

Ipsilateral knee mJSW

Model 1 Model2 Model 1 Model2 Model 1 Model 2
Female n= (123
( ) Coefficient Coefficient Coefficient Coefficient Coefficient Coefficient
95%ClI 95%ClI 95%Cl 95%CI 95%CI 95%ClI
Tibial olafond 0.033 0.036 -0.053* -0.043 0.052 0.049
P (-0.03, 0.08) (-0.035, 0.08) (-0.10, -0.0003) (-0.09, 0.01) (-0.001, 0.10) (-0.004, 0.10)
Medial malleolus 0.013 0.019 0.013 0.002 0.014 0.018
(-0.04, 0.07) (-0.03, 0.07) (-0.04, 0.07) (-0.05, 0.06) (-0.05, 0.07) (-0.04, 0.07)
Talonavicular 0.036 0.043 0.03 0.008 0.038 0.044
(-0.04, 0.10) (-0.03,0.12) (-0.05,0.11) (-0.07, 0.09) (-0.04,0.11) (-0.03,0.12)
e g 0.027 0.033 -0.07 -0.056 0.022 0.028
Tibiofibular
(-0.10, 0.15) (-0.09, 0.016) (-0.20, 0.06) (-0.19, 0.08) (-0.10, 0.15) (-0.10, 0.15)
Subtalar bosterior facet 0.08* 0.077* 0.004 0.013 0.082* 0.079*
P (0.01,0.14) (0.009, 0.14) (-0.06, 0.06) (-0.05, 0.08) (0.01,0.15) (0.011, 0.14)
Subtalar medial facet -0.09 -0.10 -0.15 -0.19 -0.10 -0.11
(-0.37,0.18) (-0.38,0.17) (-0.44, 0.13) (-0.49, 0.10) (-0.38,0.17) (-0.39, 0.16)

Model 1 represents the univariable analysis, and Model 2 is the multivariable analysis adjusted for BMI. Log values of the JSWs were obtained for the tibial plafond, medial malleolus,

and subtalar posterior facet.
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Table 7-19. Results of the linear regression modelling applied to assess the relationship between right, left, and ipsilateral

knee mJSW with ankle JSWs in the female population.

Right knee mJSW

Left knee mJSW

Ipsilateral knee mJSW

Ankle JSWs (mm) Model 1 Model2 Model 1 Model2 Model 1 Model 2
Male N = (83
(83) Coefficient Coefficient Coefficient Coefficient Coefficient Coefficient
95%Cl 95%Cl 95%Cl 95%Cl 95%Cl 95%Cl
Tibial plafond 0.041 0.045 -0.022 -0.022 0.041 0.048
P (-0.007, 0.09) (-0.005, 0.09) (-0.07,0.02) (-0.07,0.02) (-0.007, 0.09) (-0.003, 0.10)
Medial malleolus 0.026 0.030 0.011 0.014 0.26 0.031
(-0.02, 0.07) (-0.02, 0.08) (-0.03, 0.06) (-0.03, 0.06) (-0.02, 0.07) (-0.02, 0.08)
Talonavicular 0.027 0.040 0.035 0.046 0.32 0.44
(-0.05, 0.10) (-0.04, 0.12) (-0.04, 0.11) (-0.03, 0.12) (-0.04, 0.11) (-0.03, 0.12)
e g 0.044 0.48 -0.046 -0.048 0.048 0.052
Tibiofibular
(-0.08,0.17) (-0.08,0.18) (-0.17,0.07) (-0.17, -0.08) (-0.07,0.17) (-0.07,0.18)
Subtalar posterior facet 0.089* 0.98* 0.044 0.049 0.087* 0.096*
P (0.012,0.16) (0.019,0.17) (-0.03, 0.12) (-0.03, 0.13) (0.011, 0.16) (0.02,0.17)
Subtalar medial facet -0.037 -0.013 -0.25 -0.24 -0.031 -0.008
(-0.34,0.27) (-0.33,0.30) (-0.55, 0.04) (-0.55, 0.06) (-0.33,0.27) (-0.32,0.31)

Model 1 represents the univariable analysis, and Model 2 is the multivarible analysis adjusted for BMI. Log values of the JSWs were obtained for the tibial plafond, medial

malleolus and subtalar posterior facet.
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7.5 Association of ankle JSW with clinical variables of hip pain, OA, and
radiographic JSW
One of the aims in this study is to investigate the differences in ankle JSWs between

participants with hip pain and those without. Data for hip pain were obtained from a
clinical questionnaire in which participants were asked to report whether or not they
experienced hip pain. The independent t-test was used when date for both was normally
distributed and had homogeneous variance. When these conditions were not met, the
Mann-Whitney U test was applied. The results presented in table 7-20 show no statistically

significant differences in ankle JSWs between participants with and without hip pain.

In addition, the differences in ankle JSWs between participants with hip OA (Croft grade
>2 in the dominant hip) and those without (Croft grade <2) were explored using t-tests or
Mann-Whitney U tests. The results show significant differences in the JSWs of three of
the six ankle joints: the tibial plafond, tibiofibular, and subtalar posterior facets (P = 0.035,
0.015, and 0.002 respectively). The participants with hip OA had smaller joint spaces in all
ankle joints compared to those without hip OA; more detailed results are presented in

table 7-21.

To determine whether the differences in ankle JSWs between participants with and
without hip OA varied according to sex, the data were stratified according to sex and the
same tests as before were applied. The results in table 7-22 show that male OA
participants had smaller ankle JSWs compared to the non-OA group across all ankle joints,
with the most significant differences observed in the tibial plafond, tibiofibular, and
subtalar posterior facets JSW (P =0.042, 0.014, and 0.005, respectively). Moreover, similar
trends were observed in the female population, where those with hip OA had narrower
ankle JSWs as shown in table 7-23, but no significant differences in mean ankle JSWs were
observed between the hip OA and non-OA groups. This indicates that the significant

differences in the combined analysis are related more to the male population.
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Table 7-20. Results of tests for differences in ankle JSWs based on hip pain.

Ankle JSW (mm)

No

Yes

P value
N=161 N=45
Tibial plafond 2.39 2.37
0.796
(median, IQR) (1.97 - 2.81) (2.05-2.66)
Medial malleolus 3.08 2.83
0.403
(median, IQR) (2.58-3.48) (2.52, 3.38)
Talonavicular
1.37 £ 0.30 1.38 £ 0.36 0.972
(mean * SD)
Tibiofibular 2.37 2.49
0.476
(median, IQR) (2.03-2.85) (2.18-2.93)
Subtalar posterior facet 2.69 2.69 0.429
(median, IQR) (2.25-3.32) (2.14-3.13) '
Subtalar medial facet
4.23+1.43 4.00 £ 1.22 0.294
(mean * SD)
Table 7-21. Results of tests for differences in ankle JSWs based on hip OA status.
Ankle JSW (mm) No Yes
P value
N=135 N=71
Tibial plafond 2.45 2.14
0.035*
(median, IQR) (2.11-2.78) (1.84-2.70)
Medial malleolus 3.09 3.02 0.134
(median, IQR) (2.61-3.59) (2.35-3.38) '
Talonavicular
140+ 0.34 1.33+£0.36 0.211
(mean * SD)
Tibiofibular 2.48 2.23
0.015*
(median, IQR) (2.12-2.92) (1.97-2.63)
Subtalar posterior facet 2.83 2.52 0.002*
(median, IQR) (2.32-3.34) (2.03-3.08) '
Subtalar medial facet
4.09 + 1.31 3.99+1.19 0.589

(mean * SD)
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Table 7-22. Results of tests for differences in JSSWs based on hip OA in the male population.

Ankle JSW (mm) Non-hip OA Hip OA
P value
Male N=83 N=57 N=26
Tibial plafond
(2.72 £ 0.55) (2.46 £ 0.54) 0.042*
(mean * SD)
Medial malleolus 3.33 3.25
(median, IQR) (2.83-3.51) (2.63-3.39) 0.599
Talonavicular
(mean * SD) (1.52 £ 0.35) (1.45 £ 0.28) 0.393
Tibiofibular
(2.68 £ 0.47) (2.38 £ 0.50) 0.014*
(mean * SD)
Subtalar posterior facet 3.17 2.06
(median, IQR) (2.73-3.42) (1.92-2.78) 0.005*
Subtalar medial facet
453 +1.31 4.25+1.19 0.368
(mean * SD)
Table 7-23. Results tests for the difference in JSWs based on hip OA in the female population.
Ankle JSW (mm) Non-OA OA
P value
Female N=123 N=78 N=45
Tibial plafond 2.27 2.11
0.227
(median, IQR) (2.12-2.64) (1.96-2.44)
Medial malleolus
2.94+£0.70 2.73+0.71 0.113
(median, IQR)
Talonavicular
1.31£0.31 1.27 £ 0.38 0.481
(mean * SD)
Tibiofibular
2.41+0.54 2.28 £ 0.59 0.225
(median, IQR)
Subtalar posterior facet 2.59 2.25 0.105
(median, IQR) (2.30- 2.71) (2.04-2.55) '
Subtalar medial facet
3.77+£1.22 3.83+1.18 0.768

(mean * SD)
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Another aim of this study was to investigate the relationship between the JSWs of the
joints in the ankle complex region and radiographic hip JSW using linear regression
models. The log values for the tibial plafond, medial malleolus, tibiofibular, and subtalar
posterior facet were obtained since assumptions of the normality and homoscedasticity
of this data were not supported. Two models were fitted for each side separately: a

univariable model and a multivariable model adjusted for sex and BMI.

Table 7-24 below shows that only the medial malleolus and subtalar medial facet showed
no significant associations with the JSW measured in the right hip; however, all of the
remaining ankle JSWs showed significant positive association with the right hip’s JSW in
the univariable model. Also, after adjustment for the confounding effects of sex and BMI,
the associations found remained significant, to the greatest extent for the subtalar
posterior at a p-value 0.003 with a coefficient of 0.08 and an R? of 18%. As the regression
model was applied to the log value of this JSW, a coefficient of 0.08 should be interpreted
as an 8% increase in the subtalar posterior JSW for every 1mm increase in the right hip’s

JSW.

Furthermore, none of the associations between ankle JSWs and the left hip’s JSW were
statistically significant in either the univariable or multivariable models. Only the
talonavicular JSW showed a borderline significant association with the left hip’s JSW in the

final adjusted model (R? = 0.14, b = 0.06, P = 0.052). The results are shown in table 7-25.

Finally, the associations between all ankle JSWs and the JSW of the hip on the same side
as the dominant foot (ipsilateral hip) were examined. The results of the fitting of the
regression models were consistent with those obtained from the right hip JSW
measurements, but since only 20 participants had a left-dominant foot this scarcely

affected the results. Results of both models are presented in table 7-26.
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Table 7-24. Results of linear regression applied to assess the associations between ankle JSSWs and right hip JSW.

Right hip JSW (mm)

Ankle JSW (mm) Model 1 Model 2
N=206
Coefficient 95% Cl P RZ | Coefficient 95% Cl P R?

Tibial plafond 0.049 [0.005,0.09] 0.027* 0.03 0.042 [0.002,0.082] 0.032* 0.21
Medial malleolus 0.040 [-0.009,0.09] 0.111 0.01 0.029 [-0.016,0.076] 0.205 0.15
Talonavicular 0.09 [0.026,0.15] 0.006* 0.04 0.077 [0.018,0.13] 0.011* 0.16
Tibiofibular 0.044 [0.001,0.08] 0.041* 0.02 0.042 [0.004,0.081] 0.030* 0.13
Subtalar posterior facet 0.090 [0.031,0.14] 0.002* 0.05 0.080 [0.027,0.13] 0.003* 0.18
Subtalar medial facet -0.07 [-0.31,0.17] 0.574 0.001 -0.11 [-0.34, 0.11] 0.335 0.09

Model 1 represents the univariable analysis and model 2 the multivariable analysis adjusted for sex and BMI. Regression models were applied to the log values of the

JSWs for the tibial plafond, medial malleolus, tibiofibular and subtalar posterior facet.
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Table 7-25. Results of linear regression applied to assess the associations between ankle JSWs and left hip JSW.

Left hip JSW (mm)

Ankle JSW (mm) Model 1 Model 2
N=206
Coefficient 95% Cl P R? Coefficient 95% Cl P R?

Tibial plafond 0.013 [-0.029, 0.056] 0.532 0.001 0.013 [-0.022,0.051] 0.468 0.12
Medial malleolus 0.016 [-0.035,0.061] 0.588 0.001 0.008 [-0.036, 0.052] 0.716 0.10
Talonavicular 0.063 [0.002,0.12] 0.042* 0.02 0.057 [-0.0005,0.11] 0.052 0.13
Tibiofibular 0.018 [-0.022,0.059] 0.375 0.003 0.022 [-0.016, 0.060] 0.261 0.11
Subtalar posterior facet 0.037 [-0.017,0.091] 0.180 0.009 0.032 [-0.019, 0.083] 0.220 0.12
Subtalar medial facet -0.019 [-0.25, 0.21] 0.871 0.0003 -0.025 [-0.25,0.20] 0.824 0.08

Model 1 represents the univariate analysis and Model 2 the multivariable analysis adjusted for sex and BMI. Regression models were applied to the log values of the

JSWs for the tibial plafond, medial malleolus, tibiofibular and subtalar posterior facet.
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Table 7-26. Results of linear regression applied to assess the associations between ankle JSWs and left hip JSW.

Ipsilateral hip JSW (mm)

Ankle JSW (mm) Model 1 Model 2
N=206
Coefficient 95% Cl P R? Coefficient 95% Cl P R?

Tibial plafond 0.05 [0.006,0.09] 0.023* 0.04 0.041 [0.002,0.079] 0.030* 0.21
Medial malleolus 0.043 [-0.004,0.09] 0.074 0.02 0.033 [-0.011,0.07] 0.141 0.15
Talonavicular 0.083 [0.022,0.14] 0.008* 0.03 0.071 [0.014,0.12] 0.015* 0.15
Tibiofibular 0.044 [0.003,0.084] 0.033* 0.02 0.040 [0.002,0.078] 0.038* 0.14
Subtalar posterior facet 0.086 [0.032,0.14] 0.002* 0.05 0.077 [0.024,0.12] 0.004* 0.17
Subtalar medial facet -0.042 [-0.27,0.19] 0.723 0.0007 -0.085 [-0.31,0.14] 0.457 0.09

Model 1 represents the univariate analysis and Model 2 the multivariable analysis adjusted for sex and BMI. Regression models were applied to the log values of the

JSWs for the tibial plafond, medial malleolus, tibiofibular and subtalar posterior facet.
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To explore the potential interaction of sex with the relationship between hip JSW
variables quantified from the right, left and ipsilateral hip and ankle JSWs, linear
regression analysis was conducted which included an interaction term between hip JSW
and sex. This approach allowed for the examination of the effect of hip JSW on ankle
JSW while accounting for potential differences in this relationship between males and
females. The results presented in tables 7-27, show that the interaction term only had a
significant effect on JSWs of the tibial plafond and subtalar posterior facet for both the

right and ipsilateral hip.

Table 7-27. Results of linear regression applied to assess the interaction between sex and hip JSW on ankle JSW : the
P values presented are for the interaction term

Interaction term P value for sex with hip JSW on ankle JSW

Ankle JSWs
(mm) Right hip JSW Left hip JSSW Ipsilateral hip JSW
N=206

P-value P-value P-value
Tibial plafond p=0.007* p=0.787 p=0.007*
Medial malleolus p=0.503 p=0.760 p=0.512
Talonavicular p=0.865 p=0.256 p=0.927
Tibiofibular p=0.165 p=0.510 p=0.209
Subtalar p=0.014* p=0.549 p=0.020*
posterior facet
Subtalar medial p=0.203 p=0.179 p=0.167

facet
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As a result of the significant interaction noted in the above analysis, and to gain a more
in-depth explanation of the effect of sex on the association between hip JSW and ankle
JSW, the data was stratified according to the participants’ sex. Subsequently, the
regression models were run again on each sex group separately so as to assess the
association between ankle JSWs and hip JSW quantified from the right, left, and
ipsilateral hip to the scanned ankle. In both groups two models were produced: the

univariable Model 1; and the multivariable Model 2 adjusted for BMI.

The results in table 7-28 show that the significant association between the right hip JSW
and ankle JSWs noted above is mainly related to the male population. The JSW for the
tibial plafond showed a significant positive association with right hip JSW in the final
model adjusted for BMI (R2 = 0.18, b = 0.23, P = 0.002), which suggests that an increase
of 0.23mm in the tibial plafond JSW is associated with an increase of 1 mm in the right
hip’s JSW. Also, the talonavicular JSW was also significantly positively associated with the

right hip JSW in the final adjusted model (R2=0.11, b = 0.08, P = 0.029).

In addition, the tibiofibular showed a similar association with the right hip JSW with a p-
value of 0.005, a coefficient of 0.20, and R? of 18%. The Subtalar posterior facet was also
significantly associated with the right hip JSW (R? = 0.19, b = 0.14, P < 0.001). The log
value for the subtalar posterior facet was used in this model, and so b= 0.14 can be
interpreted as a 14% increase in the mean of the dependent variable for every one-unit
increase in the independent one. The results also shows that the left hip’s JSW was not

significantly associated with any of the ankle JSWs in the male population.

Regarding the associations between ankle JSWs and the ipsilateral hip on the same side
as the dominant ankle scanned, the results of the fitting of the regression models were
consistent with those obtained from the right-side hip JSW, since most male participants
had a right dominant ankle (N=73) and only 10 had a left dominant ankle. The results are

presented in table 7-28 below.

On the other hand, two models were produced for the female participants: a univariable

model and a multivariable model adjusted for BMI. In both, log values were obtained of
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the JSWs for the tibial plafond and the subtalar posterior facet to satisfy the normality
and homoscedasticity assumptions. The results in table 7-29 below show that none of
the ankle JSWs had a significant association with hip JSWs in the female population.
Overall, when comparing the magnitude and direction of the associations in male and
females, differences are shown in some joints, and this indicates that these associations
differ between the sexes. Furthermore, when comparing the outcomes of the stratified
and combined analyses, it can be noted that the significant associations seen in the
analyses which included both sexes are more influenced by the stronger association

noted in the male population, further confirming the sex modification affect.
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Table 7-28. Results of the linear regression models applied to assess the associations between right, left, and ipsilateral hip JSWs and ankle

JSWs in the male population.

Right hip JSW Left hip JSW Ipsilateral hip JSW
Male ankle JSWs
(mm) Model 1 Model 2 Model 1 Model 2 Model 1 Model 2
N=83 Coefficient Coefficient Coefficient Coefficient Coefficient Coefficient
95%CI 95%CI 95%ClI 95%ClI 95%ClI 95%Cl
Tibial plafond 0.19* 0.23* 0.04 0.07 0.19* 0.23*
P (0.05, 0.34) (0.09, 0.37) (-0.09, 0.18) (-0.07, 0.20) (0.05, 0.33) (0.08, 0.35)
Medial malleolus 0.05 0.04 0.016 0.012 0.05 0.04
(-0.017, 0.10) (-0.019, 0.10) (-0.04, 0.07) (-0.05, 0.07) (-0.012, 0.11) (-0.014, 0.10)
Talonavicular 0.09* 0.08* 0.10 0.09 0.09* 0.08*
(0.011, 0.17) (0.007, 0.16) (-0.03, 0.18) (-0.02, 0.17) (0.013, 0.16) (0.008, 0.16)
Tibiofibular 0.18* 0.20* 0.12 0.13 0.19* 0.20*
(0.03, 0.33) (0.06, 0.34) (-0.01, 0.25) (-0.009, 0.26) (0.03, 0.31) (0.04, 0.32)
Subtalar posterior 0.15* 0.14* 0.05 0.04 0.14* 0.13*
facet (0.07, 0.23) (0.06, 0.22) (-0.03, 0.13) (-0.04,0.12) (0.06, 0.22) (0.07, 0.21)
Subtalar medial 0.02 0.01 -0.08 -0.06 -0.05 -0.04
facet (-0.23, 0.23) (-0.22, 0.23) (-0.24 0.33) (-0.26, 0.31) (-0.29, 0.29) (-0.29, 0.28)

Log values were obtained of JSWs for the medial malleolus and subtalar posterior facet. Model 1 represents the univariable analysis, and Model 2 the multivariable analysis
adjusted for BMI.
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Table 7-29. Results of the linear regression models applied to assess the associations between right, left, and ipsilateral hip JSW and ankle

JSWs in the female population.

Female ankle

Right hip mJSW

Left hip mJSW

Ipsilateral hip mJSW

JSWs (mm) Model 1 Model 2 Model 1 Model 2 Model 1 Model 2
N=123 Coefficient Coefficient Coefficient Coefficient Coefficient Coefficient
95%Cl 95%CI 95%ClI 95%ClI 95%ClI 95%Cl
Tibial blafond 0.013 0.016 -0.014 -0.012 0.02 -0.019
P (-0.05, 0.07) (-0.04, 0.07) (-0.07, 0.04) (-0.07, 0.04) (-0.04, 0.08) (-0.04, 0.08)
Medial malleolus -0.028 -0.021 -0.017 -0.027 -0.028 -0.018
(-0.21,0.15) (-0.20, 0.16) (-0.20, 0.17) (-0.21, 0.15) (-0.21, 0.15) (-0.19, 0.16)
Talonavicular 0.061 0.066 0.016 0.015 0.04 0.05
(-0.02, 0.14) (-0.018, 0.15) (-0.07, 0.09) (-0.07, 0.10) (-0.04, 0.12) (-0.03, 0.13)
Tibiofibular 0.041 0.044 0.013 0.018 0.01 0.02
(-0.10, 0.18) (-0.10, 0.19) (-0.04, 0.07) (-0.04, 0.08) (-0.05, 0.06) (-0.04, 0.06)
Subtalar posterior 0.017 0.021 0.02 0.03 0.015 0.018
facet (-0.05, 0.08) (-0.04, 0.09) (-0.04, 0.10) (-0.04, 0.09) (-0.05, 0.08) (-0.04, 0.08)
Subtalar medial -0.17 -0.18 -0.14 -0.13 -0.18 -0.19
facet (-0.49, 0.13) (-0.49, 0.12) (-0.46, 0.18) (-0.45, 0.18) (-0.49, 0.12) (-0.50, 0.11)

Model 1 represents the univariable analysis, and Model 2 the multivariable analysis adjusted for BMI. Log values were obtained of the JSWs for the tibial plafond and subtalar

posterior facet.
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7.6 Association of 3D MRI ankle JSWs with WOMAC scores.
Another aim of this study is to investigate the relationship between ankle JSWs and the

functional WOMAC index grading scores for pain, stiffness, and physical dysfunction. In
this analysis, participants were separated into four categories of severity for each
symptom (none, mild, moderate, and severe). The one-way ANOVA was used for
normally distributed data, while the Kruskal-Wallis test was performed for non-normally
distributed data. Tables 7-30 to 7-32 present the results, which show no significant
differences in ankle JSW associated with the severity levels of pain, stiffness, and physical

activity experienced by the participants.
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Table 7-30. Results from tests of the association between ankle JSSWs and pain scores.

Pain score None (0) Mild (1-19)  Moderate (20-59) Severe (60-170) P value
N 80 62 30 34

Tibial plafond 3.37 2.59 2.35 2.31 0.391
(median, IQR) (2.00-2.74)  (2.08-3.03) (1.96-2.65) (1.91-2.85)

Medial malleolus 3.03 3.03 3.02 305 0.818
(median, IQR) (2.47-3.43)  (2.35-3.55) (2.61-3.36) (2.71-3.56)
Talonavicular (152 #0.31)  (1.41 +0.39) (1.34 +0.36) (1.33 +0.32) 0.088
(mean * SD)

Tibiofibular 2.38 2.38 2.39 1.98 0.507
(median, IQR) (2.18-3.03)  (2.03-2.84) (2.02-2.78) (2.43-2.88)

Subtalar posterior 2.89 2.61 2.86 2.46

facet (2.22-317)  (2.21-3.26) (2.38-3.62) (2.25-3.33) 0667
(median, IQR) ) ' ' ) ' : : '

Subtalar medial

facet (4.04 £1.26)  (4.04 £1.31) (4.19 +1.36) (4.08 +1.16) 0.922

(mean % SD)

One-way ANOVA was used for the talonavicular and subtalar medial facet JWSs and the Kruskal-Wallis test was
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Table 7-31. Results from tests of the association between ankle JSWs and stiffness scores.

Stiffness score None (0) Mild (1-19)  Moderate (20-59) Severe (60-170) P value
N 104 46 33 23

Tibial plafond 2.39 2.35 2.45 243 0.824
(median, IQR) (2.00-2.74)  (2.00-2.70) (1.85-2.89) (2.06-2.86)

Medial malleolus 3.03 3.05 3.06 290 0.968
(median, IQR) (251-3.41)  (2.35-3.59) (2.63-3.50) (2.52-3.56)
Talonavicular (151 £0.32)  (1.35+0.31) (1.35 +0.36) (1.36 +0.37) 0.134
(mean * SD)

Tibiofibular 2.54 2.37 2.41 2.36 0.283
(median, IQR) (2.18-3.12)  (2.03-2.83) (2.06-2.84) (2.09-2.78)

Subtalar posterior 2.65 2.65 2.68 3.6

facet (2.25-3.29)  (2.28-3.18) (2.19-3.34) (2.64-3.23) 0671
(median, IQR) | : : | | : : :

Subtalar medial

facet (4.00 £1.23)  (4.24 +1.37) (3.84 +1.44) (4.21 +0.96) 0.485

(mean * SD)

One-way ANOVA was used for the talonavicular and subtalar medial facet JWSs and the Kruskal-Wallis test was
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Table 7-32 Results from testing the association between JSWs and physical function scores.

fhys'.':a' None (0)  Mild (1-19) Moderate (20-59) Severe (60-170) P value
unction

N 79 59 36 32

Tibial plafond 2.37 2.38 2.36 2.48 0728
(median, IQR) (1.95-2.65)  (2.00-2.74) (1.87-2.87) (2.04-2.90)

Medial malleolus 3.09 2.98 2.97 3.10 0ara
(median, IQR) (2.51-3.64)  (2.45-3.48) (2.46-3.20) (2.66-3.59)
Talonavicular (1.54 +0.33)  (1.37 +0.32) (1.54 +0.37) (1.33 +0.33) 0.156
(mean * SD)

Tibiofibular 2.43 2.35 2.41 2.38 0,600
(median, IQR) (2.02-2.83)  (2.02-3.83) (2.10-3.00) (2.09-3.03)

Subtalar 2.05 2.69 278 2.89
posteriorfacet ; 50.332)  (225326)  (250-3.62) (226320 O
(median, IQR) ' ) ' ) ) ' ' :

Subtalar medial

facet (4.05+1.28) (3.9941.28)  (4.20 £1.35) (4.04 +1.17) 0.873

(mean % SD)

One-way ANOVA was used for the talonavicular and subtalar medial facet JWSs and the Kruskal-Wallis test was

performed for the remaining joints.
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7.7 Association of ankle JSWs with BMD variables
The relationship among participants between BMD as measured from four anatomical

areas and JSWs was examined. Linear regression models were fitted separately for each
joint as a dependent variable regressed against BMD content (g/cm2) measured from
each of four different anatomical areas of the participant’s body: the lower limbs, spine,
right femoral neck, and right femoral total. To satisfy the assumptions of normality and
homoscedasticity, log values were obtained of the joint space widths for the tibial plafond,

medial malleolus, tibiofibular and subtalar posterior facet in all models.

Two models were fitted for each BMD measurement, the first model being a univariable
model while the second was a multivariable model adjusted for sex and BMI. It should be
noted that the coefficients obtained for all areas were consistently higher in the
univariable model than those obtained after adjustment for sex and BMI, as shown in
tables 7-33 to 7-36. In particular, the tibial plafond JWS was significantly associated with
BMD as measured from the four areas. After adjusting for sex and BMI, statistically
significant associations remained in the right femur neck and the total right femur
measurements. The medial malleolus JWS was significantly associated with all BMD
measures in the univariable model, but the associations remained significant after

adjustment only in BMD measured from the lower limbs and the total right femur.

Meanwhile, in the final adjusted model, the talonavicular JSW only showed a significant
association with BMD as measured from the spine, and similar results were obtained for
both the subtalar posterior facet and subtalar medial facet articulations which were still
statistically significant after adjustment for sex and BMlI in all BMD areas measured except
that from the spine. Finally, the tibiofibular JSW was not significantly associated with any

of the BMD measurements in the final adjusted model.
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Table 7-33. Results from linear regression applied to assess the association between JSWs and BMD measured from the spine.

BMD measured from spine (g/cm?)

Ankle JSW (mm) Model 1 Model 2
N=206
Coefficient ~ 95% Cl P R? | Coefficient 95% ClI P R?

Tibial plafond 0.35 [0.15,0.56] 0.001* 0.05 0.09 [-0.16,0.33] 0.505 0.13
Medial malleolus 0.44 [0.22,0.67] <0.001* 0.07 0.14 [-0.12,0.41] 0.281 0.14
Talonavicular 0.71 [0.41,1.02] <0.001* 0.10 0.42 [0.05,0.79] 0.024* 0.13
Tibiofibular 0.24 [0.04,0.44] 0.019* 0.03 0.11 [-0.13,0.35] 0.378 0.06
Subtalar posterior facet 0.49 [0.21,0.77] <0.001* 0.06 0.20 [-0.13,0.53] 0.243 0.10
Subtalar medial facet 1.94 [0.82,3.06] <0.001* 0.06 1.54 [0.17,2.90] 0.027* 0.09

Model 1 is for the univariate analysis, and Model 2 the multivariable analysis adjusted for sex and BMI. Regression models were applied on log values of the

JSWs for the tibial plafond, medial malleolus, tibiofibular and subtalar posterior facet.
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Table 7-34. Results from linear regression applied to assess the association between JSWs and BMD measured from the lower limbs.

BMD measured from lower limbs (g/cm?)

Ankle JSW (mm) Model 1 Model 2
N=206
Coefficient ~ 95% ClI P R? | Coefficient 95% Cl P R?

Tibial plafond 0.45 [0.25,0.65] <0.001* 0.09 0.19 [-0.07,0.45] 0.156 0.14
Medial malleolus 0.58 [0.36,0.79] <0.001* 0.11 0.33 [0.04,0.61] 0.021* 0.16
Talonavicular 0.76 [0.47,1.06] <0.001* 0.11 0.51 [0.12,0.91] 0.010* 0.14
Tibiofibular 0.52 [0.25,0.79] <0.001* 0.06 0.20 [-0.15,0.56] 0.267 0.10
Subtalar posterior facet 0.41 [0.22,0.60] <0.001* 0.08 0.39 [0.13,0.65] 0.003* 0.10
Subtalar medial facet 2.5 [1.5,3.6] <0.001* 0.09 2.4 [0.99,3.82] 0.001* 0.12

Model 1 is for the univariate analysis, and Model 2 the multivariable analysis adjusted for sex and BMI. Regression models were applied to the log values of

the JSWs for the tibial plafond, medial malleolus, tibiofibular and subtalar posterior facet.
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Table 7-35. Results from linear regression applied to assess the association between JSWs and BMD measured from the neck of the right femur.

BMD measured from right femur neck (g/cm?)

Ankle JSW (mm) Model 1 Model 2
N=206
Coefficient 95% Cl P R? | Coefficient ~ 95% Cl P R?

Tibial plafond 0.29 [0.04,0.50] 0.012* 0.03 0.23 [0.02,0.41] 0.032* 0.13
Medial malleolus 0.33 [0.07,0.60] 0.013* 0.03 0.23 [-0.01,0.49] 0.070 0.15
Talonavicular 0.33 [-0.03,0.70] 0.072 0.02 0.19 [-0.16,0.55] 0.289 0.11
Tibiofibular 0.21 [-0.12,0.55] 0.206 0.009 0.09 [-0.23,0.42] 0.575 0.09
Subtalar posterior facet 0.32 [0.09,0.55] 0.006* 0.04 0.32 [0.08,0.56] 0.008* 0.08
Subtalar medial facet 2.4 [1.08,3.74] <0.001* 0.05 0.12 2.21 0.001* 0.12

Model 1 is for the univariate analysis, and Model 2 the multivariable analysis adjusted for sex and BMI. Regression models were applied on the log values of

the JSWs for the tibial plafond, medial malleolus, tibiofibular and subtalar posterior facet.
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Table 7-36. Results from linear regression applied to assess the association between ankle JSWs and BMD measured from the total right femur.

BMD measured from total right femur (g/cm?)

Ankle JSW (mm) Model 1 Model 2
N=206
Coefficient ~ 95% Cl P R2 | Coefficient 95% Cl P R?

Tibial plafond 0.34 [0.14,0.54] 0.001* 0.05 0.20 [0.03,0.40] 0.028* 0.14
Medial malleolus 0.40 [0.18,0.62] <0.001* 0.06 0.24 [0.02,0.47] 0.029* 0.15
Talonavicular 0.49 [0.19,0.80] 0.001* 0.05 0.30 [-0.007,0.60] 0.055 0.13
Tibiofibular 0.33 [0.05,0.60] 0.019* 0.02 0.16 [-0.11,0.44] 0.260 0.10
Subtalar posterior facet 0.38 [0.19,0.57] <0.001* 0.07 0.32 [0.13,0.53] 0.001* 0.10
Subtalar medial facet 2.09 [1.08, 3.24] <0.001* 0.06 0.11 [0.732.96] 0.001* 0.11

Model 1 is for the univariate analysis, and Model 2 the multivariable analysis adjusted for sex and BMI. Regression models were applied on the log values of

the JSWs for the tibial plafond, medial malleolus, tibiofibular and subtalar posterior facet.
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To investigate the potential interaction between sex and regional BMD variables on ankle
JSWs, linear regression analysis that included an interaction term between the BMD
variables and sex was performed separately for each BMD measurement on each ankle
JSW. This approach allowed the association between BMD and ankle JSWs to be explored
while accounting for possible sex differences in this relationship. The results presented in
table 7-37, indicate that the interaction term was not statistically significant in any of the
analyses, this providing no evidence that the sex of participants modified the relationship
between ankle JSWs and BMD measurements.

Table 7-37 Results of linear regression applied to assess the interaction between sex and BMD

measurements on ankle JSW : the P values presented are for the interaction term

BMD (gm/cm?) from

Ankle JSW (mm) Interaction term P value for sex with hip JSW on ankle JSW
N=206 Spine Lower limbs RF neck RF total

P-value P-value P-value P-value
Tibial plafond p=0.867 p=0.910 p=0.724 p=0.594
Medial malleolus p=0.327 p=0.908 p=0.942 p=0.286
Talonavicular p=0.592 p=0.955 p=0.738 p=0.962
Tibiofibular p=0.699 p=0.930 p=0.274 p=0.463
Subtalar posterior facet p=0.447 p=0.658 p=0.767 p=0.591
Subtalar medial facet p=0.126 p=0.168 p=0.183 p=0.199
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Although no significant interaction was observed, the data were then stratified by the sex
of participants so as to gain a more in-depth understanding of any effect of sex on the
association between ankle JSWs and BMD. Linear regression models were fitted separately
for each joint as the outcome variable was regressed against BMD content measured from
the four anatomical areas of lower limbs, spine, right femoral neck, and right femoral total.
To satisfy normality and homoscedasticity assumptions, log values were obtained of joint
space widths for the tibial plafond, medial malleolus, tibiofibular, and subtalar posterior

facet in all models.

The results obtained for the BMD measured from the spine shown in table 7-38 indicate
a significant association only between the subtalar medial facet JSW and spine BMD in the
male population (R = 0.09, b = 2.05, P = 0.03) in the final model adjusted for BMI. In the
female population one joint also showed a significant positive association in the final

adjusted model, but in this case it was the talonavicular (R =0.10, b = 0.35, P = 0.02).

The results also show that, in the male population, the tibial plafond, subtalar posterior
and subtalar medial facet JSWs all showed a significant positive association with BMD as
measured from the lower limbs which persisted after adjusting for BMI with (R? = 0.09, b
=0.42,P=0.03) (R2=0.17, b=0.54, P =0.004) (R>=0.12, b = 3.60, P = 0.003) respectively.
Additionally, in the female population, the results from the final model adjusted for BMI
showed significant positive associations between lower limb BMD and both the
talonavicular and subtalar posterior JSWs (R2 = 0.12, b = 0.70, P = 0.007; and R? = 0.15, b

=0.47, P = 0.009 respectively). The results are presented in table 7-39.

Furthermore, regarding the association between ankle JSWs and BMD as measured from
the right femur neck, the results show that in the male population significant associations
were observed in the univariable model with the tibial plafond, subtalar posterior, and
subtalar medial facet JSWs. These associations remained statistically significant after
adjustment for the confounding effect of BMI (R?> = 0.10, b = 0.40, P = 0.03; R =0.20, b =
0.57, P =0.001; and R2=0.08, b = 2.05, P = 0.02 respectively).
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However, the results for the female participants indicate that only the JSW for the subtalar
posterior showed a significant association with BMD as measured from the right femur

neck. The results are presented in table 7-40.

Table 7-41 shows the result for associations between total right femur BMD
measurements and ankle JSWs for both males and females. Two joints showed significant
associations with total right femur BMD in the male participants. The results for the
subtalar posterior and subtalar medial facet JSWs in the final adjusted model are R =0.19,
b =0.39, P =0.002 and R> = 0.09, b = 2.12, P = 0.009 respectively. On the other hand, in
the female participants, only the tibial plafond JSW showed a significant association after

adjustment for BMI (R?> =0.09, b = 0.35, P = 0.02).

Overall, the associations between BMD measurements and ankle JSWs have been
examined in males and females separately. The directions of the associations found are
positive, which is consistent with the combined data. However, there are some differences
in the magnitude of the association between males and females. Additionally, some
significant associations observed in the combined data disappeared or were only evident
in one sex group after adjustment for sex and BMI, suggesting possible disparities in the
association between BMD measurements and ankle JSWs between males and females. As

a result, a final backward regression analysis was conducted on the stratified data.
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Table 7-38. Results from linear regression applied to assess the association between JSWs and BMD measured from the spine in

males and females.

BMD measured from spine (g/cm?)

Male Model 1 Male Model 2 Female Model 1 Female Model 2
Ankle JSWs (mm
( ) (N=83) (N=83) (N=123) (N=123)
Coeff 95% ClI P Coeff 95% CI P Coeff 95% ClI P Coeff 95% ClI P
Tibial plafond 0.08 [-0.29, 0.45] 0.668 0.10 [-0.28,0.48] 0.600 0.21 [-0.06, - 0.50] 0.137 0.15 [-0.15,-0.45] 0.336
Medial malleolus 0.07 [-0.35,0.48] 0.753 0.04 [-0.40, 0.46] 0.829 0.32 [-0.006, 0.65] 0.053 0.20 [-0.15, 0.56] 0.262
Talonavicular 0.31 [-0.24, 0.86] 0.271 0.18 [-0.38,0.74] 0.518 i 0.61 [0.20, 1.02] 0.004* : 0.53 [0.08,0.99] 0.022*
Tibiofibular 0.17 [-0.19, 0.55] 0.343 0.18 [-0.18, 0.56] 0.324 0.21 [-0.16, 0.41] 0.392 0.15 [-0.16, 0.46] 0.345
Subtalar posterior
0.07 [-0.50, 0.65] 0.802 0.08 [-0.50, 0.66] 0.798 0.30 [-0.03, 0.63] 0.076 0.24 [-0.12, 0.60] 0.187
facet
Subtalar medial
2.04 [0.2,4.70] 0.033* ;| 2.05 [0.21,4.84] 0.032* : 0.50 [-1.01, 2.05] 0.506 0.92 [-0.78, 2.63] 0.285

facet

Model 1 represents the univariable analysis, Model 2 the multivariable analysis adjusted for sex and BMI. Regression models were applied to the log values of the JSWs for the
tibial plafond, medial malleolus, tibiofibular and subtalar posterior facet.
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females.

Table 7-39. Results from linear regression applied to assess the association between JSWs and BMD measured from the lower limbs in males and

BMD measured from lower limbs (g/cm?)

Ankle JSWs Male Model 1 Male Model 2 Female Model 1 Female Model 2
(mm) (N=83) (N=83) (N=123) (N=123)
Coeff 95% ClI P Coeff 95% ClI P Coeff 95% ClI P Coeff 95% ClI P
Tibial plafond 0.44 [0.04, 0.85] 0.030* 0.42 [0.02,0.83] 0.039* 0.37 [0.03, -0.70] 0.033* 0.30 [-0.04, 0.64] 0.090
Medial malleolus 0.39 [-0.04, 0.83] 0.075 0.36 [-0.08, 0.8] 0.109 0.48 [0.10, 0.87] 0.014* 0.38 [-0.02, 0.78] 0.065
Talonavicular 0.57 [-0.006, 1.15] 0.053 .049 [-0.08, 1.07] 0.093 0.80 [0.32,1.29] 0.001* 0.70 [0.19,1.22] 0.007*
Tibiofibular 0.07 [0.54, 0.69] 0.804 0.02 [-0.59, 0.63] 0.956 0.31 [-0.08, 0.70] 0.128 0.22 [-0.18, 0.63] 0.280
Subtalar
0.58 [0.20, 0.96] 0.003* 0.54 [0.19,0.92] 0.004* 0.45 [0.11, 0.70] 0.009* 0.47 [0.12,0.81] 0.009*
posterior facet
Subtalar medial
3.07 [1.41, 6.06] 0.002* 3.60 [1.26,5.95] 0.003* 0.83 [-0.97, 2.60] 0.365 1.01 [-0.76, 3.06] 0.236
facet

Model 1 is for the univariable analysis, Model 2 for the multivariable analysis adjusted for sex and BMI. Regression models were applied to the log values of the JSWs of the tibial
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and females.

Table 7-40. Results from linear regression applied to assess the association between JSWs and BMD measured from the right femur neck in males

BMD measured from right femur neck (g/cm?)

Ankle JSWs Male Model 1 Male Model 2 Female Model 1 Female Model 2
(mm) (N=83) (N=83) (N=123) (N=123)
Coeff 95% Cl P Coeff 95% CI P Coeff 95% CI P Coeff 95% ClI P
Tibial plafond 0.41 [0.03,0.78] 0.031* 0.40 [0.02,0.77] 0.036* 0.24 [-0.04, 0.54] 0.099 : 0.20 [-0.09,0.49] 0.188
Medial malleolus 0.19 [-0.21, 0.60] 0.352 0.21 [-0.19,0.62] 0.306 0.29 [-0.04, 0.63] 0.092 i 0.21 [-0.13,0.55] 0.234
Talonavicular 0.01 [-0.54, 0.56] 0.967 0.02 [-0.51,0.56] 0.928 0.31 [-0.12, 0.74] 0.161 i 0.21 [-0.23,0.66] 0.348
Tibiofibular 0.12 [-0.44, 0.69] 0.665 0.02 [-0.56,0.58] 0.956 0.16 [-0.13, 0.46] 0.266 : 0.17 [-0.12,0.47] 0.263
Subtalar
0.53 [0.18, 0.88] 0.003* 0.57 [0.24,0.91] 0.001* 0.30 [0.04, 0.65] 0.029* : 0.32 [0.02,0.63] 0.035*
posterior facet
Subtalar medial
2.29 [0.70, 4.52] 0.043* 2.05 [0.32,4.83] 0.025* 1.36 [-0.20, 2.93] 0.087 1.61 [-0.01,3.23] 0.052

facet

Model 1 is for the univariable analysis, Model 2 for the multivariable analysis adjusted for BMI. Regression models were applied to the log values of the JSWs for the tibial plafond,
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Table 7-41. Results from linear regression applied to assess the association between JSWs and BMD measured from the total right femur in males

and females.

BMD measured from total right femur (g/cm?)

Ankle JSWs Male Model 1 Male Model 2 Female Model 1 Female Model 2
(mm) (N=83) (N=83) (N=123) (N=123)
Coeff 95% Cl P Coeff 95% CI P Coeff 95% ClI P Coeff 95% ClI P
Tibial plafond 0.28 [0.009, 0.56] 0.043* 0.23 [-0.05, 0.51] 0.103 0.39 [0.06,0.72] 0.019* 0.35 [0.07,0.69] 0.022*
Medial malleolus 0.13 [-0.16, 0.43] 0.365 0.16 [-0.16, 0.45] 0.289 0.25 [-0.03, 0.54] 0.089 0.20 [-0.10, 0.50] 0.189
Talonavicular 0.17 [-0.22, 0.56] 0.390 0.21 [-0.17,0.60] 0.268 0.35 [-0.07, 0.78] 0.102 0.24 [-0.20, 0.69] 0.288
Tibiofibular 0.09 [-0.32, 0.50] 0.668 0.19 [-0.23,0.61] 0.367 0.22 [-0.06, 0.52] 0.124 0.25 [-0.04, 0.54] 0.102
Subtalar posterior
0.38 [0.12,0.63] 0.004* 0.39 [0.15,0.69] 0.002* 0.09 [-0.24, 0.43] 0.588 0.02 [-0.33, 0.36] 0.932
facet
Subtalar medial
2.02 [0.44,3.60] 0.013* 2.12 [0.53,3.70] 0.009* 1.02 [-0.52, 2.57] 0.192 1.34 [-0.29, 2.97] 0.107

facet

Model 1 is for the univariable analysis, Model 2 the multivariable analysis adjusted for BMI. Regression models were applied to the log values of the JSWs for the tibial plafond,
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Following the stratified analysis exploring the associations between ankle JSWs and BMD
measurements, the significantly associated BMD regions with each ankle JSW were fitted
using backwards regression analyses for males and females separately. The aim of this was to
determine which BMD region is most strongly associated with each ankle JSW. To address any
multicollinearity, the correlations among independent variables (the BMD measurements)
were tested using the variance inflation factor (VIF). Independent variables with a value of VIF
greater than 10 were excluded from the regression models. Initially, all independent variables
and body mass index (BMI) measures were included in the models, but the variable with the
largest p-value was manually removed and the analysis then repeated until the final model
only included statistically significant predictors. The results from the final models are

presented next.

In males, the tibial plafond JSW showed a significant association with BMD from the right
femur neck (R2=0.12, b = 0.40, P = 0.03). This finding indicates that every increase of one unit
in the BMD of the right femur neck is associated with a 40% increase in tibial plafond JSW. The
subtalar posterior JSW was also significantly associated with BMD from the right femur neck
(R?=0.20, b = 0.57, P = 0.001). This coefficient can be interpreted as a 57% increase in JSW
associated with a one-unit increase in BMD, since the regression models here were applied to
the log values of the subtalar posterior JSW. Finally, the BMD for lower limbs showed a

significant association with the subtalar medial facet (R?=0.13, b = 3.60, P = 0.003).

In females, the tibial plafond JSW was significantly associated with BMD from the total right
femur (R>=0.08, b = 0.9, P = 0.04), which means that every one unit in g/cm? increase in the
BMD of the right femur neck is associated with a 0.9mm increase in the tibial plafond JSW. In
addition, the results of the backward regression showed that the talonavicular JSW was
associated with BMD measured from the spine (R* = 0.08, b = 0.61, P = 0.004). Finally,
regarding the subtalar posterior JSW, the backward regression showed a significant

association with the right femur neck with (R = 0.10, b =0.32, P = 0.03).
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Chapter 8: Discussion
The first objective of this study was to reconstruct SSMs of the ankle joint complex, which

consists of five bones (the distal tibia, distal fibula, talus, calcaneus, and navicular), to evaluate
its morphological variations. Models were constructed using MRI images from 206
participants in an original birth cohort of the same age (62 years). To train the models, 30 MRI
scans were manually segmented, and an automatic segmentation approach (AAM) was used
to segment the remaining images. Five SSMs were produced: a full ankle model, tibia-talus-
navicular model, calcaneus model, full ankle female model, and full ankle male model. These
models enabled the reconstruction of bone geometry using anatomically corresponding
landmarks, and this facilitated the evaluation of variations in ankle complex bone shape, bone

area, and joint space width (JSW) in the population studied.

The second objective of this research was to use the 3D SSMs of the ankle complex region to
describe normal population variations in terms of sex differences, body anthropometry, and
pain. Additionally, the study aimed to explore the relationship between the morphological
variables extracted from the ankle 3D SSMs and several clinical measures, including OA
radiographic features in the knee and hip joints, systematic BMD measurements, and WOMAC
scores. This study is the first to use such a robust method to produce MRI 3D SSMs of the
ankle complex region, allowing for the evaluation of morphological variations in the
population and an examination of their association with several clinical musculoskeletal

variables related to the lower limbs.

In this chapter, the key findings from the results presented in the previous two chapters are
discussed in the context of previous work and in terms of clinical implications. Firstly, key
findings in bone shape variations are discussed, followed by those from the analyses of JSW.
After that, the strengths and limitations of the present research are considered, followed by

the presentation of the study’s overall conclusions and recommendations for future work.
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8.1 Morphological variation in bone shape and area
The study used several SSMs to assess variation in bone shape and area. Initially, the full ankle

model was used to evaluate variations in bone shape according to sex and body
anthropometry. After examining the associations in the full model presented in tables 6-3 and
6-4 and figure 6-4, two models were produced to focus on the bones that showed the greatest
variations between the sexes. Additionally, separate male and female models were used to
examine the variations in ankle bones between participants with OA and those without in
both the hip and knee joints, with the aim to establish any consistent sex differences. The next
sections discuss the key findings for bone shape variation, including those related to sex

differences, OA status, and body anthropometry.

8.1.1 Morphological variation in ankle complex bone shape and area between sexes
To explore bone shape variations between the sexes, the full ankle model was initially used.

The independent t-test on the population bone shape vector showed significant differences
(p<0.0001) between males and females (table 6-3). Further analysis of individual principal
component (PC) modes revealed significant variations in bone shape between the sexes (table
6-4; figure 6-4). Also, associations between height and weight and the PC modes for which
significant differences in bone shape between sexes were found were also examined, but no
statistically significant results were found, indicating that variations in bone shape are more

closely related to sex rather than body size (table 6-5).

The distal tibia-talus-navicular SSM showed significant sex-related differences between males
and females in the distal tibia bone. Females showed a decrease in the width of the distal
tibia, particularly in the anterior and posterior portions, and a thinner and more inferiorly
projected medial malleolus bone when compared to males. These findings were presented in

table 6-7 and figure 6-7.

In the same model, the talus bone exhibited significant differences between males and
females, as evidenced by the t-test results (table 6-7), and PC3 revealed variations in bone
shape, with males having a larger and wider talus (figure 6-8). Females, on the other hand,
had a smaller talus dome that became more narrowed posteriorly and laterally shifted.
Additionally, females had a relatively smaller talus head and neck compared to males. A
posterior view of the talus bone in males also revealed a larger posterior calcaneal articulation

surface compared to females.
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Bone area measurements were consistent with the analysis of PC modes, showing that all six
anatomical bone measures quantified from the SSM (talus dome, talus head, posterior
articulation surface with the calcaneus, talus width, height, and length) were significantly

larger in males (table 6-8).

Finally, in the same SSM, the navicular bone showed significant differences between the sexes
in PC 7 (table 6-7). Overall, variations were seen in the anterior surface of the bone where
males had a wider anterior bone area and a more concave surface for articulation with the

head of the talus (figure 6-8).

The assessment of variations in the shape of the calcaneus bone was performed separately in
a distinct model due to its size. The t-test results for the population bone shape vector indicate
significant differences in calcaneus shape between males and females (p=0.0003, table 6-9).
The analysis also revealed significant variations in the modes of PC1, PC4, and PC5 (as shown
in table 6-10 and figure 6-11). Females had a more concave calcaneal body shape, thinner
posterior facets, and a narrower bone width, while males had a longer calcaneum, a wider

posterior calcaneus tuberosity, and larger sustentaculum tali.

Moreover, the position of the medial calcaneal tuberosity process was more inferiorly
projected in females, while males exhibited slightly bigger Gissane and Bohler’s angles.
Additionally, the calcaneus bone measurements (table 6-11) were consistent with the PC
mode analysis, revealing significant differences in calcaneal length, posterior tuberosity width,
and bone area between males and females, with males exhibiting significantly larger

morphological measurements.

To the best of the author’s knowledge, no previous study has used MRI 3D SSM to explore
morphological variations between the sexes in the shape of bones in the ankle complex
region, limiting any direct comparison with other research findings. However, some recent
studies found in the literature have used different imaging modalities and methods of SSM
reconstruction. One study used CT images to build ankle joint complex SSMs (55) with the aim
to explore side-to-side symmetry and sex differences in the tibia, talus, and calcaneum. As in
the present study, they found significant differences between males and females in the distal
tibia. Males had a larger and wider distal bone compared to females, as in our population, and

they also reported significant sex differences in calcaneal bone shape with females having a
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thinner and longer calcaneus than males. The present results agree in that females have a
thinner calcaneum but disagree since this bone was found in this study to be shorter in
females. The results of both the PC mode and bone area analysis show that males have a
longer calcaneus bone when compared to females. Finally, contrary to the several significant
differences between sexes found here in talus bone shape, Gabrielli, Gale (55) found no
significant variations between sexes in this bone, but that was a much smaller study and likely

to be underpowered.

A study conducted by Moore, Kindig (392) also used CT images to reconstruct
morphometric shape models of the talus, calcaneus, and navicular bones with the aim to
assess the relationships between bone shape and both foot type and sex. They reported some
significant variations between the sexes which are consistent with the results of the present
study, such as the navicular bone in males having a wider inferior notch with a more concave
articulation surface with the talus. Moreover, they concluded that the female talus bone is
thinner with a smaller talus dome than in males. However, contrary to the results presented
in this study, they reported no evidence of significant differences between sexes regarding the

shape of the calcaneus bone, and this is discussed further below.

Like the previous two studies, Tumer, Arbabi (57) used CT images to reconstruct SSMs and
analyse sex-related morphological variations in the fibula, tibia, calcaneus and talus bones
using principal component analysis. In accordance with the results found in the present study,
they reported significant differences between the sexes regarding the distal tibia, where
females tend to have smaller bones than males, and reported significant variations in the talus
between sexes. Their results showed that male talus bones have a larger posterior facet, a
wider talar dome and a wider talar head than in females. On the other hand, their calcaneus
bone shape results suggest that females have a longer calcaneum, whereas this study found

it to be shorter than that of males.

The previous three studies showed significant sex-related variations in the shapes of bones in
the ankle complex region. However, in neither case is their full agreement with each other or
with the findings of the present study. There are discrepancies between the four studies in
specific bone variations between the sexes. For example, some studies noted significant

differences in the calcaneus bone shape between males and females, but in the same or
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opposite directions, while others did not. Also, some studies showed significant variations

between the sexes in the shape of the talus bone and others reported no such variations.

One possible explanation for this inconsistency might be variations in the populations studied,
such as in sample size and the age and ethnicity of participants included. Gabrielli, Gale (55)
studied a sample of only 20 participants who were aged 31 + 6 years on average and included
equal numbers of men and women. The participants’ ethnic background was not noted, as in
Moore, Kindig (392) sample of 40 participants (23 males and 17 females) with a mean age of
53 + 9 years. Meanwhile, the study conducted by Timer, Arbabi (57) included a larger sample
compared to the previous two studies, with 66 participants (55 male, mean age 61 + 10 years;
11 female, mean age 53 15 years) whose ethnic backgrounds were again not mentioned. All
three studies had the additional limitation of relatively low sample sizes, where even the
largest might be considered to be unsuitable for the analysis of sex differences given a heavily

skewed sex ratio.

Such variations in the sampling frame could contribute to the discrepancies observed in the
results. A smaller sample may not allow the detection of all morphological variations between
sexes, potentially leading to both type | error (including false positive findings in the opposite
direction) or type Il false negative errors. Likewise, age and ethnicity are important factors
which should be considered when determining morphological variations in bone shape.
Several studies have reported that aspects of bone morphology such as size, shape, strength,
and volume as well as mechanical functioning may change with increasing age (211, 212, 393,
394). Equally, various studies show that lower limb bones may differ in terms of size and shape
between ethnic groups (395-398). Therefore, variations in samples in terms of size, age and
ethnicity may account for inconsistencies in the findings in the studies cited but, in general,
studies using the largest samples and the most effective imaging and analysis techniques

should be given most weight.

Before the most recent studies using 3D SSM, morphological variations in the shape of bones
in the ankle complex region were mainly assessed using 2D radiographs or by the analysis of
predefined measurements from cadaveric specimens (229, 241, 399-406). Both methods are
associated with limitations that may result in the underestimation of sex-related variations in
bone morphology. For instance, the ankle complex region comprises several overlapping
bones that present as a 3D object with a triplane motion (181). 2D methods such as
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radiography are clinically relevant and widely available, but their use for the representation
and assessment of 3D objects with overlapping bones can lead to difficulties not only in the
evaluation of sex-related variation, but also in the examination and quantification of any
morphological variations in a given population. Likewise, in order to assess variations in bone
shape and size, this method is applied using single views from different directions resulting in

increasing radiation exposer.

Furthermore, when using 2D conventional radiography, the apparent morphology of the bone
is affected by any change in the source-to-image receptor distance (407). This results in images
that vary in apparent bone position and size due to image-acquisition variations that can affect
the accuracy of any measurements taken. Finally, the use of cadaveric specimens to examine
sex-related morphological variations in ankle bones usually focuses on predefined
measurements (406), in which case other important morphological aspects within the bone

may potentially be ignored.

The present study offers important insights into sex-related variations in bone shape and
overcomes the aforementioned limitations in the limited number of recent studies using SSM
methods and those using radiography and cadaveric specimens. This is due to the use of MRI
3D SSM, which is a reliable method with the ability to fully represent the 3D bone geometry

from an anatomically complex region (50).

The use of this method can contribute to a clearer understanding of the variations between
sexes in ankle bone shape, thanks to a more comprehensive and robust analytic method when
compared to studies using radiography and cadaveric specimens. Furthermore, this study’s
sample included 206 participants in a true population cohort that represents a specific age
group (62 years) with a single ethnic background. This allows the assessment of ankle bone
shape variations between sexes in a larger sample and without needing to control for the

influence of race and age.

The findings of the analysis of data in this research support the hypothesis that sex-related
variations in the bone shapes in the ankle complex region can be examined and summarised
using 3D MRI SSM. The detailed knowledge of bone shape variations between males and
females gained using 3D MRI SSM has several important implications for research and clinical

practice. For example, the results presented here may help inform orthopaedic surgeons in
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planning treatment and surgery. Many types of ankle and hindfoot surgery, such as ankle
arthrodesis, total ankle replacement, and joint stabilisation surgery, require a comprehensive
preoperative plan that focuses on detailed information on joint and bone morphology (408,

409).

Therefore, a clear understanding of sex-related variations in bone shapes from the use of MRI
SSM can help in illustrating variations between sexes in normal and pathological bone shapes
in the ankle region. This can lead to a better-informed preoperative planning strategy,
potentially increasing the success rates of surgery. This approach has been successful in other

areas of the anatomy, including the hip and knee (410, 411).

As discussed in chapter 3 the ankle complex region plays an important role in the gait cycle,
which begins with the movement of the ankle and foot when interacting with the ground and
mainly consists of interactions between skeletal, muscular, and neurological systems (412).
However, the skeletal system is responsible for creating the overall functional framework of
the human body (413). Several studies have confirmed the existence of sex-specific variations
in gait between males and females and that such variations may be due to variations in muscle
strength and ligamentous laxity (213, 414, 415). However, an alternative hypothesis is that,
since the gait cycle mainly starts at the ankle complex region, variations in bone shape
between the sexes may help explain some or all sex-specific variations in gait. Therefore, the
results in this study showing variations in bone shape between sexes can contribute to
providing clinicians and researchers with a better understanding of sex-specific variations in

gait.

For example, a study by Ko, Tolea (213) exploring variations between older males and females
over 60 years old in gait patterns. The results showed that females have a significantly greater
sagittal plane ankle range of motion in plantarflexion and dorsiflexion compared to males. It
seems possible that these results may be better understood by considering bone shape
variations between sexes, especially those found here in the shape of the distal tibia and talus
bone. The ankle’s range of motion for plantarflexion/dorsiflexion is primarily associated with
the main ankle joint, which involves the articulation of the talar dome fitted into a mortice
formed by the medial and lateral malleolus (181). In this study, it has been found that males

tend to have a wider talar dome and a wider distal tibia, and therefore a wider mortice socket,
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but a shorter medial malleolus compared to females. This might limit the range of motion

more in males, compared to females.

A study using X-ray fluoroscopy to assess foot bone kinematics by Fukano, Fukubayashi (416)
showed that females have a significantly larger subtalar range of motions of eversion and
inversion than in males. Many factors affect this range of joint motion, including the size and
shape of the bone articular surface (417). Fukano et al.’s results could be explained with the
help of the present study’s identification of variations between the sexes in the calcaneus
posterior facet, which is within the subtalar joint area. Females in this study have a smaller
calcaneus articular surface with the talus, which orientates more medially compared to males.
During the stance phase in the gait, the calcaneus bone undertakes eversion movement as a
result of contact with the ground (181). At the same time, the talus bone adapts to the
movement of the calcaneus bone by sliding more medially on the articular surface with the
calcaneus. Therefore, if females have smaller and more medially orientated calcaneus
posterior articular facets, they are likely to have a greater range of motion in the subtalar joint

than males.

Additionally, the sex-related ankle bone shape variations presented here may provide a better
understanding of the sex-specific aetiology and incidence of some foot and ankle disorders.
Several studies conclude that the prevalence of foot, ankle, and knee disorders such as ankle
sprains, flat feet, hallux valgus and knee OA is higher in elderly females than males (5, 418-
420). For instance, the present study finds that calcaneal bone shape in females shows
variations in the height of the medial and lateral processes (see figure 6-11, PC1 lateral view),
where the lateral process is more inferiorly projected in females. On the other hand, in males
these two processes are similar in height. This implies that, during gait, males could benefit
from firmer contact with the ground, whereas a female’s calcaneus with a medial process
projected more inferiorly could lead to more unstable contact with the ground during. Such
variations may indicate that males have a more stable and less-everted calcaneus, especially
during ground contact. In contrast, females tend to have a more unstable and more everted
calcaneus where the degree of eversion may depend on how much the medial process is

projected inferiorly.

Some researchers point to a possible link between calcaneus bone movement (eversion) and
the pathogenetic mechanisms of some foot, ankle, and knee musculoskeletal conditions and
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particularly those that show higher prevalence in females such as flat feet (421), ankle sprains
(422), and knee OA (423). The findings from the present study suggest that the morphological
variations noted between sexes in the shapes of the lateral and medial processes of the
calcaneus tuberosity and the calcaneus posterior facet in the subtalar joint area could explain
observed sex differences in gait which may represent a risk factor for some foot, ankle, and
knee musculoskeletal disorders. The assessment in this study of differences in ankle bone
shape between participants with knee or hip OA and those without may have some bearing

on these issues and are discussed next.

8.1.2 Morphological variations in bone shape in the ankle complex between participants
with and without knee and hip OA
One of the aims of this study was to examine whether or not morphological variations in bone

shape in the ankle complex differ between participants with knee/hip OA and those without.
To achieve this, 3D SSMs were constructed separately for males and females. This approach
was necessary due to differences in ankle bone shape between the sexes which may impact
the detection of OA-related differences in a combined model. By constructing separate models
for each sex, the bone morphology could be described, and principal components that show
significant morphological variations between participants with and without knee or hip OA
could be identified for each sex independently. The results of independent t-tests showed
significant differences in PC modes between male participants with and without knee OA
(table 6-12 and figure 6-13). Specifically, PC mode 3 was found to be significantly related to
variations in bone alignment in the ankle complex region, indicating the role of foot posture
or foot type. The OA group demonstrated a pes planus foot structure or pronated foot
compared to the non-OA group. Likewise, significant differences were observed for PC mode
4 between male participants with and without hip OA (table 6-13 and figure 6-13). PC mode
4 also showed variation in terms of the articulation alignments of the ankle bones. The hip OA

group exhibited a pes cavus foot type or supinated foot compared to the non-hip OA group.

In contrast, the results from the female SSM were consistent with those of the male
participants, except with differences in the rankings of the statistically significant PC modes in
the model. PC4 displayed significant differences between female participants with and
without knee OA similar to male participants, indicating bone shape alignment representing

a pes planus foot structure (pronated foot) in females with knee OA (table 6-14 and figure 6-
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15). Additionally, PC5 exhibited significant differences between female participants with and
without hip OA equivalent to that for PC4 in the male model, where variations in the
articulation alignments of the ankle bones indicate a pes cavus foot type (supinated foot) in

females with hip OA (table 6-15 and figure 6-15).

The proportions of participants with knee and hip OA in both sexes were similar, with a slightly
higher proportion of females having OA. One might therefore expect that the differences
between OA and non-OA groups would be stronger in females rather than males. However,
the differences found in males tended to be more statistically significant and for lower-ranking
PC modes in accounting for variance in the model, indicating stronger differences than those
in the female model. For instance, PC3 explains approximately 9% of the variance in the male
model, and significant differences in this mode were found between male participants with
OA in the knee and those without. Meanwhile, PC4 in the female model gave similarly

significant results but explained less variance in the model at approximately 5.5%.

This could be explained in terms of the differences in bone shape between males and females
discussed in the previous section. Of particular significance is variation in the shape of the
posterior facet of the calcaneus, in the subtalar joint area, where females, in general, had a
smaller bone surface with more flexibility and mobility resulting in a wider range of pronation
and supination motions compared to males. This means that the detection of differences in
articulation alignment in the model between females with and without OA is weaker and
describes less variations compared to between males who normally have a smaller range of
motion in the joint. Other factors might also affect the range of motion of a joint, such as
muscle strength and ligament flexibility, and females are known to have more greater
ligamentous laxity in the ankle joint compared to males (191). This also might make the
detection of differences in the subtalar joint range of motion between females in both the OA
and non-OA groups weaker compared to males due to other variables affecting such an

association.

To the best of my knowledge, this study represents the first attempt to evaluate morphological
differences in bone shape within the ankle complex region between individuals who have or
do not have OA affecting both the knee and hip joints via the use of 3D MRI SSM. As a result,

it may not be straightforward to directly compare the findings with those of previous research.

261



However, some studies have used other methods that focus more on assessing the foot and
ankle structure of OA and non-OA participants using clinical observation and palpation
methods. These include the foot posture index, navicular height test and calcaneal angle (36,
38, 424), which are methods widely used to classify foot types. Therefore, comparing the
observed bone variations in the present study with the results of studies examining the foot
and ankle structure in OA and non-OA patients may be feasibleto provide a better

understanding of these morphological variations.

The results presented here are consistent with those of a study by Reilly, Barker (36) which
examined differences in foot types between three groups of age-matched participants: 60
participants with end-stage knee OA waiting for surgery; another 60 participants with end-
stage hip OA; and a control group of healthy participants. The methods of assessment used
were measurements of navicular height and calcaneal angle, which are involved in the
pronation and supination of the foot. Analysis of the results showed significant differences
between the three groups, where the knee OA group had greater calcaneal eversion and lower
navicular height, representing a pronated foot, and the hip OA group had more calcaneal

inversion and an increased navicular height representing a supinated foot.

Furthermore, the foot posture index developed by Redmond, Crosbie (425) helped to fulfil the
need for a clinical diagnostic tool for the measurement and categorisation of foot posture.
That motivated Reilly et al.s research team to conduct another study using only the foot
posture index in assessing foot type (37). Their sample included 60 participants, 20 each with
knee and hip OA (all at end-stage) and 20 healthy age-matched participants. The results
showed significant differences in foot type between the three groups. Participants in the knee
OA group had a more pronated foot and those with hip OA a more supinated foot. These
results confirmed the significant association noted in their previous study (Reilly, Barker (36)

which used different measurements to classify foot posture.

In another study, the association between foot type using the foot posture index and knee OA
was examined in a Moroccan population (Abourazzak, Kadi (38). The sample included 100
participants in the knee OA group and 80 asymptomatic controls). A significant correlation
was noted between the foot posture index scores and knee OA, indicating a pronated foot
posture associated to the knee OA group. The result of the studies agrees with those of the

studies mentioned above.
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Using 3D SSM, the present study has identified differences ankle bone morphology between
participants with and without knee and hip OA. Such results are consistent with the previously
discussed studies. However, in studies that aimed to evaluate foot posture using 2D
measurements, subjective components of assessment are involved that depend on clinical
observation and palpation methods. This subjectivity can hinder accuracy and repeatability,
as has been reported regarding the use of the foot posture index, navicular height and
calcaneal angle (426, 427). In the present study a novel 3D SSM method was used to explore
and visualise variations in bone shape and alignment using an automated method

representing real ankle complex bone orientations in a sample from an actual population.

Previous studies aimed to assess differences in foot posture between OA and non-OA
participants in a standing weight-bearing position where some degree of pronation or
supination will occur. However, it is difficult to determine if that is due to structural variations
in the alignment of the bones or simply the effect of the weight of the body. While, in this
study the 3D SSMs were built from MRI images obtained from participants in a non-weight
bearing supine position. This allowed a comparison of outcomes with those achieved using

the weight-bearing position.

Previous studies also mainly focused on participants at the end stages of OA of the knee and
hip. This prevented conclusions being drawn concerning participants graded at lower stages
of OA. In the present study, many participants from the NTFS in both the knee and hip OA
groups scored at K&L grade 2 for the knee and Croft grade 2 for the hip. Only 4 participants
were graded with end-stage K&L grade 4 knee OA and 6 with Croft grade 5 hip OA. Despite
fundamental differences between this study and other published research in the methods of
assessment used and severity of OA in the populations compared, similar results were still
noted. This suggests that the differences observed in ankle bone shape and alignment which
represent foot posture between OA and non-OA cases in both the knee and hip are consistent

and important.

This importance can be elucidated by addressing the differences observed in the shape of
ankle bones between OA and non-OA groups and how such variations are linked to OA. Firstly,
a brief explanation of the role played by ankle and foot bones during the gait cycle is necessary.
Calcaneus eversion and inversion, navicular height and the plantarflexion and dorsiflexion
movements of the talus are factors determining the degree of pronation and supination of
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the foot and ankle in the gait cycle (181). During walking, some degree of pronation and
supination occur and are considered to be natural and important aspects of the gait cycle

(428).

Pronation of the foot occurs during initial contact with the floor in the first period of the stance
phase of the gait cycle. The calcaneus everts at the subtalar joint, which leads the talus to
adduct, the plantar to flex, and the navicular bone to drop (428). The combination of these
movements leads the foot to roll inwards to absorb the shock during the initial period of the
stance phase. In the midstance phase of the gait cycle, pronation stops, and the foot starts to
supinate. The calcaneus inverts at the subtalar joint, leading the talus bone to abduct and
dorsiflex and the navicular bone to move upwards (428). The combination of these
movements leads the foot to roll outward, forming a rigid structure that allows propulsion.
Therefore, the normal transition from pronation to supination during the stance phase is an
important aspect in allowing the normal free flow of the gait cycle. Any interruption, or
supination or pronation occurring at the wrong time, will result in a disturbance of the kinetic

chain (206).

In this study, significant differences were found between participants with and without knee
OA associated with the bone alignments in the ankle complex region in a natural non-weight-
bearing supine position. Such differences in bone alignment may disrupt the normal gait cycle
and lead to increased force applied to other lower limb joints such as the knee and hip (429).
For instance, participants in the knee OA group exhibited a more everted calcaneus and
dropped navicular, and greater plantar flexion movement of the talus, which indicate a more
pronated foot (flat foot) type. Meanwhile, studies suggest that the degree of pronation of the
subtalar joint (everted calcaneus) in a weight-bearing standing position is 37% higher than
that seen in a non-weight-bearing supine position (430). Thus, the present study’s participants
in the knee OA group would have had even more pronated feet when in a weight-bearing

standing position than when assessed while supine.

Therefore, in the gait cycle, people with a more pronated foot type are likely to have a subtalar
joint that continues to pronate throughout the midstance phase. This is because the joint will
need more time to move from over-pronation to supination, which is the normal movement
of the subtalar joint at this phase, thereby causing the knee to be subjected to high axial force

due to the external rotation moment on the femur caused by the advanced movement of the
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contralateral pelvis during the midstance phase (206). In people with more pronated feet,
such as those in the knee OA group, this force on the knee is repeated during everyday
activities such as walking. Such force is applied more to the medial compartment of the knee
during the midstance phase of gait, which coincides with the perriod when the subtalar joint
is still pronated (431). The medial compartment of the knee is known to be most often affected
by OA (106), probably because it is mechanically driven. Approximately 60% of the load goes
through the medial part of the knee in the midstance phase of gait (432). Therefore, having a
more pronated foot type could be an important risk factor for knee OA in both males and
females with overpronation, resulting in an increased load on the medial part of the knee

where OA is most common.

During normal walking, and especially during the heel strike, the lower limbs are subjected to
repetitive impulsive forces that pass through the lower components of the musculoskeletal
system to the upper components, possibly causing joint damage (433). Some of this force is
absorbed when the foot pronates during the heel strike; however, people that have bone
components that indicate a supinated foot will have a lower range of dorsiflexion and a more
inverted calcaneus. This hinders foot pronation by shortening the duration of its occurrence,
thus reducing shock absorption (201). This is the same phenomenon as that noted in the ankle
bones of the hip OA group. However, it is important to note that in this study participants
were examined in the non-weight-bearing position and that when bearing weight, for example
during walking, it is expected that the amount of supination will increase. This will result in
more force being applied to the hip and knee joints. The knee has features which allow the
menisci to act as a protective shock absorbers, but the hip does not, which exposes it to more

force than the knee (133).

In addition, after the heel strike and throughout the midstance to toe-off phases, the body
passes over the foot with the knee joint fully extended (206). If a person has a limited
dorsiflexion range of motion, as seen in people with supinated feet, this will result in having
more body weight sustained over the extending hip joint (133). This might explain the wear

of the acetabulum in the superolateral part noted in hip OA as a local mechanical factor (434).

The present study aimed to explore the morphological variations between participants with
and without OA in both the knee and hip joints. It was hypothesised that participants with OA
would exhibit differences in the structure of the ankle complex region when compared to
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those in the non-OA group. The results presented in this study support this hypothesis with
evidence of significant differences in ankle bone shape between OA and non-OA participants.
The relationships between the JSWs in the ankle complex region and those in the hip and knee
are discussed in the next section. The JSW is the only imaging biomarker currently
recommended by the US Food and Drug Administration (FDA) as a structural outcome in
clinical studies focusing on OA (435) and it provides an indirect assessment of cartilage
thickness and width. Therefore, comparisons of cartilage width results with those obtained

from bone shape data may provide a better understanding of those relationships.

8.2 3D Morphological variations in ankle complex JSWs
This study employed a full ankle complex 3D SSM to measure joint space widths (JSW) in the

206 participants across six main joints in the ankle complex region: the tibial plafond, medial
malleolus, talonavicular, talofibular, subtalar posterior facet, and subtalar medial facet. A
novel semi-automatic quantification method was used to obtain JSW measurements, which
were recorded as mean (+ SD) JSW values for each joint. The JSW data were then used to test
hypotheses concerning the relationships with other relevant clinical measures, as discussed

next.

8.2.1 Association between sex and body anthropometry variables with ankle complex JSWs
It was hypothesised that ankle complex JSWs measurements quantified using the 3D SSM

would be different between male and female NTFS participants and that male participants
would exhibit bigger JSWs compared to females. To test this hypothesis, differences between
males and females in the JSWs of all six joints in the ankle complex region were assessed
separately using an independent t-tests. The results showed significant differences in JSW
between sexes in all six joints. Males in the sample tended to have highly significantly bigger

joint spaces when compared to females in the six ankle joints, as seen in table 7-4.

Additionally, the relationships between ankle complex JSWs and body anthropometric
variables of height, weight, and BMI were evaluated using linear regression models. The
univariable models indicated significant associations between certain JSWs and body
anthropometry variables as shown in tables 7-5 to 7-7. However, after adjusting for sex in the
multivariable models, the statistical significance of the associations disappeared, indicating

that sex may have been a confounding factor. Nonetheless, two JSWs, the medial malleolus
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and talonavicular JSWs, remained significantly associated with BMI even after adjustment for

sex.

Furthermore, tests were conducted to identify possible interactions between body
anthropometry variables and sex, but no significant interactions were noted (see table 7-8).
To explore the effect of the associations for each sex, the data were first stratified by sex and
the analysis was then repeated. The results showed no significant association between any of
the body anthropometry variables and JSWs, except for the medial malleolus and
talonavicular JSWs in females, which showed a weak association with BMI (see tables 7-9 to

7-11).

It is important to note that, in reporting the p-values in the results section, no adjustments for
multiple testing were applied, taking into consideration the fact that, if Bonferroni correction
was applied, some borderline significant results might still be questioned. For example, in this
study, the results show a significant association between the medial malleolus and the
talonavicular JSWs with BMI in the adjusted and stratified regression models. In the adjusted-
for-sex model, the respective values of p for those joints were 0.045 and 0.017, while in the
stratified model they were 0.018 and 0.025. If Bonferroni correction had been applied those
associations would no longer be statistically significant. However, in both cases, the values of
the coefficients were relatively small, indicating rather weak associations. Conversely, if the
adjustment was applied to the results of the t-tests for differences in JSWs between the sexes,
the conclusions would remain the same due to their much stronger levels of statistical

significance.

To the best of the author’s knowledge, this study is the first to analyse morphological JSW
variations in main ankle joints using 3D MRI SSM, and then to examine their association with
clinical variables obtained from a true population cohort. Joint space width is an indirect
measurement that represents the amount of cartilage in the joint. Reduced JSW can represent
structural joint damage, which is a key indicator of OA. Conventional radiography is the
primary method used to assess ankle JSWs both in the clinic and for epidemiological purposes.
However, the anatomy of the ankle is very complex as it includes bones which overlap, which

makes it difficult to accurately assess JSW using conventional 2D measurements (279).
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A few recent studies have aimed to quantify the JSWs of the ankle joints using 3D SSMs derived
from CT images. One study used weight-bearing cone-beam CT to build the SSM and quantify
anatomical talocrural joint variation including only 3 joints, two of which are analysed in this
study: the tibial plafond and talofibular (47). The results of the two studies are comparable,
with mean JSWs (+SD) for the tibial plafond of 2.15 (+ 0.41) mm in the previous study
compared to 2.41 (+ 0.56) mm here and for the talofibular 2.13 (+ 0.20) mm compared to 2.45
(£ 0.55) mm respectively, with the differences possibly attributable to sex ratios in the samples
and patient positioning during scanning. Additionally, Krahenbihl, Lenz (56) also used weight-
bearing cone-beam CT to reconstruct SSMs and quantify the JSWs of the posterior and
anteromedial subtalar joint. Direct comparison with their results is possible for the subtalar
posterior facet but not for the anteromedial subtalar joint since different methods were used
in defining the joint. In the previous study the anterior and the medial facets were combined
and treated as a single joint, whereas in the present study only the medial facet was
guantified. The results for the subtalar posterior facet were also comparable, with mean JSW
(£ SD) values of 2.07 (+ 0.44) mm compared to 2.88 (+ 0.97) mm in the present study, with the
differences again likely attributable to sample sex ratios and patient positioning during

scanning.

Both of those previous studies were conducted on the same population with a relatively small
sample size of only 27 ‘healthy individuals’ (7 males and 20 females) with no explicit sampling
frame, which is the main limitation of such studies reducing the generalisability of their
results. Moreover, their small samples might explain why no investigation was conducted in
either study of relationships with sex or body anthropometry, possibly due to a lack of
statistical power. Therefore, there is a need to establish normative ankle 3D JSW values which
can overcome the limitations noted above in using 2D radiographic methods and so that the
findings can be generalised. That will also help in exploring morphological variations and their

association with other clinical variables within a true population.

Such limitations in previous studies were addressed in the present study, which included 206
(83 males and 123 females) participants within the same age group who are members of a
birth cohort that represent a sample of a true population. That allowed the assessment of
differences between sexes in ankle JSWs and an investigation of the association with body

anthropometry in the population. No studies using the 3D measurements method have
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previously explored sex differences in the JSWs of the joints in the ankle complex region or
their association with body anthropometry. Therefore, a direct comparison of the present
results with those of existing research for males and females is not possible. However, several
radiographic studies have demonstrated sex-related differences in ankle JSWs, where males
were found to have wider joint spaces than females (436-438). Such findings are in accordance
with the results of the present study has also found significant differences between sexes with

males having wider joint spaces.

Such variations might be predicted to be due to the clear sexual dimorphism between males
and females in body size (439). Physical differences between males and females are clear,
where males tend to have taller and bigger skeletons (439). This might suggest that body size
may also affect JSWs in both sexes. However, results from multiple regression models
exploring the association between body anthropometry and sex have shown no associations
between the JSWs and height, weight, and BMI after adjustment for sex. This indicates that
obese, tall, or short people all have similar ankle JSWs, representing a similar amount of
cartilage, with significant differences mainly associated with sex and not with body
anthropometry. Similar results have been shown for knee JSWs, where no association was

found with body anthropometry (440).

The presentation of evidence of significant sex-related variations in the JSWs of the joints in
the ankle complex region which are independent of body anthropometry has important
clinical relevance. The overall prevalence of symptomatic ankle OA is reported to be 3.4%,
which is lower than the prevalence of either hip or knee OA (441). However, one in five people
in the UK seeking treatment for OA in other joints exhibits evidence of OA in the foot or ankle
(279). Many radiographic classifications are used to grade OA severity, such as the Kellgren
and Lawrence (K&L) scale and minimal joint space width (mJSW), although these are not

specific to the ankle.

They have been widely used in epidemiological studies despite the limitations mainly
associated with conventional radiography (262). Such classifications depend on general
threshold values for JSW used to distinguish between normal and narrowed joints. The results
of this study provide evidence that such thresholds for normal and narrowed JSWs should
depend on specific patient factors such as sex. For example, when grading ankle OA, what is

reported to be a narrowed JSW for males could be reported as narrowed or pathological for
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females if the same threshold was used for both sexes. This could result in a risk of false

positive diagnoses higher for females or lower for males.

A recent systematic review by Tschon, Contartese (442) considered studies of the association
between OA features and sex/gender differences, and the authors concluded that gender/sex-
oriented protocols should be implemented in the diagnosis and treatment of OA due to the
significant differences between the sexes in OA characteristics. Therefore, for the diagnosis of
ankle OA using JSWs or any of the grading systems, thresholds for normal JSWs should be
established for males and females separately. Taking into account the sex-specific differences
in JSWs of the six joints in the ankle complex region, the findings presented in this study
provide a rational, sex-specific normative data set.

8.2.2 Association between systematic BMD measurements and ankle complex JSWs

The present study aimed to explore the association between systematic BMD from four
anatomical areas and measurements of JSWs in the ankle complex region. Linear regression
was used in the analysis of data, which was initially conducted on the full sample and sex
interaction was assessed. The interaction analysis did not find any evidence that sex affected
the association between JSW and BMD. However, when the male and female models were
analysed separately and adjusted for BMI, some of the associations failed to meet the
threshold for statistical significance. This loss of significance can be attributed to reduced
sample size, resulting in decreased statistical power. The associations which maintained
significance exhibited differences in the values of the regression coefficients, suggesting a

modifying effect of sex on these associations.

All statistically significant associations with each ankle JSW from the analysis of stratified data
were included in a backward regression model. The results for males showed that the tibial
plafond JSW was significantly associated with the right femur neck BMD. Similarly, the subtalar
posterior JSW was also associated with right femur neck BDM. Finally, the subtalar medial JSSW

was associated with the lower limb BMD.

Furthermore, the female data showed that the tibial plafond JSW was associated with the
total right femur BMD, while the subtalar posterior JSW was associated with right femur neck
BDM. Finally, the talonavicular JSW showed an association with BMD measured from the

spine.
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It has been hypothesised that, in general, both local and systematic BMD is associated with
the pathogenesis of cartilage loss particularly in the hand, hip, and knee joints. Evidence
supporting this hypothesis is far from conclusive and the subject is still a matter of debate in
the literature. Some cross-sectional studies show a positive association between systematic
BMD and knee cartilage volume as assessed by MRI (443-445). Another study using
radiographic mJSW as a measure of cartilage thickness in 45 healthy women showed positive
associations between high tibia BMD and increased knee mJSW and high femoral trochanter
BMD and increased knee mJSW (130). In contrast, some studies suggest that higher systematic
BMD is associated with cartilage loss and radiographic knee and hip OA (124, 126, 446). Such
conflicting outcomes from studies of hand, hip and knee joints could be attributed to
differences between the studies regarding the measures used, characteristics of the

participants, or the health status of the joints studied.

However, no studies have investigated whether or not a similar association exists between
systematic BMD measurements and ankle joints. This is probably because OA in the ankle is
not as common as it is in other joints. The results of the present study complement and extend
what has been found in other studies of association between high BMD and radiographic JSWs
in the knee and hip. In particular, there is a positive linear association in the NTFS population
between ankle JSWs and systematic BMD measurements taken from the right femur, lower
limbs, and spine, which suggests that healthier (not narrowed) ankle joints are related to the
greater robustness of bones in both males and females, but the magnitude of the association
appears to be stronger in males. The reasons for these sex differences remain unclear and
cannot be explained in this study. BMI was controlled for in the analysis and has been shown
to be associated with BMD in previous studies of the same cohort (447, 448). However,
information concerning other variables such as bone size and physical activity levels were not
available, whereas these factors might vary between the sexes and could help explain the

differences noted between sexes.

A possible explanation for this association could be due to biomechanical factors affecting the
relationship between ankle JSWs and lower limb bones and joints. It has been found that bone
health is directly influenced by mechanical loading, as demonstrated by Wolff’s law (449),
which states that both the external shape and internal structure of a bone change as a direct

response to the mechanical forces that is subjected to (449). Many studies have tested the
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effect of mechanical force on bone health. For instance, studies of BMD in stroke and spinal
cord injury patients have concluded that reductions in weight-bearing activity result in the loss
of mechanical force on the bones and thereby contribute to bone loss and lower BMD
measurements (450-452). In addition, studies conducted of patients who are immobilised
either due to long periods of hospitalisation, having total contact casts on one of the lower
limbs, or using crutches and wheelchairs exhibit significant decreases in BMD measurements
of the femoral neck and total hip, which is attributed to reductions in mobility and weight-

bearing activity (453-455).

This could be due to those with healthy ankles and normal JSWs being more likely to take part
in physical activities that increase the transmission of mechanical force from the ankle joints
after contact with the ground to the other bones and joints of the lower limb. Conversely,
participants with altered ankle joints or structural change are less likely to partake in many
physical activities, thus decreasing the loads on other bones and joints and affecting

systematic BMD measurements.

This study’s findings show an association between systematic BMD measurements and ankle
JSWs, which might indicate a biomechanical link between joints in the lower extremities and
especially between the ankle and the hip joints, since a significant association was found with
femoral neck BMD in both males and females. As mentioned previously, many studies have
explored the relationship between BMD and OA of the hip and knee. Therefore, the
relationship between BMD and ankle JSWs could have a biomechanical explanation, which
would provide new insights into the role of ankle joint morphology and its biomechanical
effects in influencing the development and progression of knee and hip OA. The next section
discusses the association between ankle JSWs and hip and knee OA, focusing on both
radiographic and clinical data.
8.2.3 Association between hip and knee OA data and ankle complex JSWs

It is generally thought that, when OA symptoms or structural changes occur in one of the
lower extremity joints such as the knee, they can in turn have a direct effect on other
kinematically related joints such as the hip and ankle (35). Despite this, most studies have
mainly focused on the relationship between the knee and hip joints, while the association
between ankle joints and OA-related symptoms or radiographic features in either the knee or

hip joints have received less attention. Therefore, the final aim of this study was to explore
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the association between ankle JSWs and the radiographic features of OA for both the hip and
knee, including JSWs and the grading of OA severity. Also, the relationships between ankle
JSWs and functional clinical variables from both the knee and hip joints would also be
explored, such as reported pain in the joints and WOMAC gradings that assess pain, stiffness,

and the physical function of both the hip and knee joints.

It was hypothesised that ankle joint JSWs measured using the 3D SSM technique are
associated with the JSWs of other lower limb joints, including the hip and knee. Additionally,
it was predicted that participants with hip or knee pain or higher WOMAC scores may have
different JSW measurements compared to those without these conditions. This section
summarises the findings and discusses the associations between ankle JSW and functional

clinical variables and the structural radiographic features of OA.

8.2.3.1 Association between ankle JSWs and knee and hip functional assessments
In the NTFS population, no statistically significant differences in ankle JSWs were found

between participants who reported pain in either the knee and hip joints and those who did
not, as shown in tables 7-12 and 7-20. In addition, no significant differences in ankle JSWs
were noted between severity groups in the WOMAC grading system which assesses pain,

stiffness, and physical function in the knee and hip, as seen in tables 7-30 to 7-32.

No studies have previously specifically explored such an association with ankle JSWs, and
therefore the outcomes of this study cannot be compared directly with others. However, some
studies have investigated the association between ankle and foot symptoms of stiffness, pain,

and itching and knee and hip OA symptoms of pain and WOMAC gradings.

Using data from the Framingham study, (32) found no association between self-reported hip
pain and rear-foot varus alignment, as determined using digital photography in a non-weight
bearing position and then the calculation of the angle of the calcaneus bone. Other results
match those findings despite clear differences in the methodologies used. The rear-foot region
contains the bones forming the ankle joint complex, and changes in the varus alignment of
the rear foot results in variations in the JSWs of the ankle joint complex (456). This present
study explored the relationship between all six joints forming the ankle joint complex and
reported hip pain directly using a more robust method of assessment and found no such

association.

273



Meanwhile, Paterson, Hinman (33) used WOMAC scoring to examine differences in knee pain,
stiffness and physical function between participants reporting ankle pain and those without.
They concluded that participants with ankle pain reported a 39% worse score on all WOMAC
subscales, indicating a progression of symptomatic OA in the knee joint. Their further
longitudinal study Paterson, Kasza (34) that used data from the Osteoarthritis Initiative study
over the subsequent 4 years to explore the association between self-reported ankle and foot
symptoms of stiffness, aching or pain and the risk of worsening knee pain and radiographic
knee mJSW. The results showed that the reported ankle and foot symptoms were associated
with worsening knee pain during the period of the study. However, no such association with
OA radiographic knee mJSW was noted. Furthermore, a recent study by Perry, Segal (35) using
data from the Multicentre Osteoarthritis Study investigated the association between baseline
ankle and foot pain with frequent knee pain at more than one follow-up. The study showed a

significant association between ankle pain and knee pain.

A limitation of all these studies was the dependence on self-reported symptoms, so that the
causes of ankle and foot pain were not considered. It could occur due to a variety of factors,
including ligament or tendon sprains, joint degeneration, tendinitis, or flat foot (457). The
explanation provided by the authors for the association between ankle and knee pain involves
the biomechanical links between the lower limb joints, and especially the way that the ankle
joints compensate for the effect of structural changes happening in the knee; for example, the
adoption of a more pronated foot pattern which has been noted in knee OA patients who

report pain in the ankle and foot.

Although such a hypothesis is logically feasible, it has not so far been tested. Perry, Segal (35)
concluded that future research should explore the association further by exploring the
individual contributions of other foot and ankle characteristics, such as in the subtalar and
talocrural ankle joints, to the symptomatic and radiographic features of knee OA. The present
study contributes to and extends research on the association presented in prior studies by
focusing on one possible cause of ankle pain, which is reduced JSWs in the ankle region. This
study found no significant differences in ankle JSWs between participants who reported knee
and hip pain and those who did not, or between the severity of symptoms measured by the
WOMAC subscales. This contradicts the hypothesis that there would be significant differences

in ankle JSWs between the two groups. However, the number of participants reporting pain
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in either the knee or hip could be argued to be low (66 knee pain and 44 hip pain), as with the
moderate and severe groups according to the WOMAC subscales. This might have affected the
statistical power of this analysis. Investigations for bigger samples with more participants
reporting pain in both the hip and knee would generate more valid findings that may agree

with or contradict those presented here.

8.2.3.2 Association between ankle JSWs and knee/hip radiographic structural
assessments
A further question this research aimed to answer is whether or not there are associations

between the JSWs in the ankle complex region and radiographic features of knee and hip OA
in terms of JSWs and OA severity grading. Participants with knee OA showed no significant
differences in the ankle JSWs compared with participants without knee OA. However, a trend
of a more narrowed JSW was noted in the knee OA group compared to the non-OA group.
Especially in the subtalar posterior JSW which showed a near significant p value, as shown in
table 7-13. Likewise, all ankle JSWs were narrower in participants with hip OA than those
without hip as seen in table 7-23, and these differences were significant in three of the six

ankle JSWs: the tibial plafond, tibiofibular, and subtalar posterior.

Linear regression models revealed that four of the six ankle joints showed a significant positive
association with the radiographic JSW of the right knee in the univariable analysis reported in
table 7-14. However, after adjustment for sex and BMI, the JSWs of only two ankle joints
remained significantly associated with right knee mJSW: the tibial plafond and subtalar
posterior, as shown in table 7-14. No significant associations were found between the
radiographic mJSW of the left knee and ankle JSWs (table 7-15). In addition, the association
between ankle JSW and the mJSW of the ipsilateral knee was similar, with only a slight change

in the regression coefficient compared to the right knee analysis (table 7-16).

The interaction analysis produced no evidence that sex modified the association between
ankle JSWs and radiographic knee mJSW, as shown in table 7-19. Stratification of the data
according to sex and adjustment for BMI showed that only the subtalar posterior facet had a
significant association with the right knee JSW in both males and females. With the association
being stronger in males, while the tibial plafond did not show any significant association in

both sexes possibly due to the smaller sample size (see tables 7-18 and 7-19).
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Similar initial analyses were conducted to explore the association between radiographic hip
JSW and 3D ankle JSWs. Evidence of the association between the two joints being modified
by sex found when the interaction coefficient was added to the model, as seen in table 7-27.
When the analysis was conducted on the stratified data, it was found that the magnitude and
significance level of the associations was stronger in males than females, and in the latter no
statistically significant association was noted between any of the ankle JSWs and the hip JSW
measurements. However, in males there were significant positive associations between the
right hip JSW and the JWS of the tibial plafond, talonavicular, tibiofibular, and subtalar
posterior facet. There were similar outcomes from the ipsilateral analysis and no significant

association was found between any of the ankle JSWs and the left hip JSW.

Scant research explored the direct structural association between ankle JSWs and either knee
or hip JSW. This could be attributed to, for example, the significant limitations associated with
the ability of 2D radiography, which is widely used in many studies, to evaluate the 3D
morphology of the joints in the ankle complex region (458). Also, the prevalence of ankle OA
is much lower than that of the hip and knee and likely has a different aetiology and leads to
nowhere near the same volume of surgical interventions. All of these factors might lead
research groups to direct more attention to the knee and hip joints (279) and, for such reasons,
comparison of the outcomes of the present study with those of other research is necessarily

limited.

Although published studies on the association between JSWs of the ankle and those of the
knee and hip are sparse, Eckstein, Siedek (459) investigated the correlation between knee and
ankle cartilage thickness assessed using MRl in a sample of 29 healthy adults. Their findings
are similar to those of this present study, and they reported a moderate correlation between
the thickness of cartilage in the knee and that of the tibial plafond and the subtalar joints. In
the present study, the JSWs of both joints also showed a significant positive association with

the knee JSW.

Furthermore, Kraus, Worrell (44) assessed abnormality in the ankle joint complex using
nuclear medicine bone scans from 159 participants with radiographic knee OA during a 3-year
follow-up. The baseline results showed a significant association between knee joint space
narrowing and ankle bone scan abnormalities. Radiographs of the ankle were taken, and bone
scans was repeated on 138 participants who returned for follow up. The results showed that
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bone scan abnormalities were associated with the narrowing of the tibial plafond JSW
measured using radiographic ankle images. Although they did not directly assess the
association between the ankle and knee JSWs, their results indicate an association between

the two joints like that found in this study.

Regarding the association between the JSWs of the ankle and hip, Goker, Gonen (438) used
2D radiography to quantify ankle JSWs for 95 participants using digital software and correlated
the results with those of the ipsilateral hip joint. They focused only on the main ankle joint,
the tibial Plafond, and reported significant correlations between the JSWs of the lateral and
medial joint and that of the ipsilateral hip. The results from the present study are consistent
with those findings. However, Goker et al. only explored the main ankle joint and did not
mention any interaction or adjustment analysis performed to evaluate the confounding or
mediating effect of sex. In the present study, all the joints in the ankle complex region were
explored and a much deeper analysis was performed. Associations were found the JSWs of
four of the six joints in the ankle complex and the hip, including the tibial plafond which

showed a more significant association in males compared to females.

Other studies have explored the structural associations between the hip, knee, and ankle
joints using lower limb alighment measurements. For instance, Xie, Jiang (43) investigated the
relationship between ankle OA in adults with varus knee malalignment, which is common in
end-stage knee OA. The authors reviewed 96 full-leg radiographic images of the participants
who had undergone knee arthroplasty. The association between varus knee malalignment and
incident radiographic ankle OA was determined by both the medial proximal tibial angle and
the hip-knee-ankle angle measurements. While this indicated a structural association
between the two joints, as in the previously mentioned study, the focus was again on the main
ankle joint. No other joints were assessed, including the subtalar joint which showed a
stronger association in the present study. A possible reason for the main or exclusive focus on
the main ankle joint is its anatomical position, which hinders the ability to accurately assess
the subtalar joint using conventional radiography (460). A novelty of the current study is the
use of 3D-SSM to assess the ankle complex region, which allowed direct quantification of all

joints and an exploration of their associations with lower limb joints.

This is the first study to directly look at the association between JSWs as a known measure of
cartilage thickness in the ankle complex region and those of the knee and hip joints. No earlier
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research has been located that has examined such an association on older adults who are
member of a birth cohort more susceptible to OA, or in using 3D-SSM to quantify JSWs in the
ankle complex region. The results of this study augment and expand upon those of earlier
research regarding the interrelationships between foot and ankle characteristics and knee and

hip OA.

The results confirm a significant linear association between the JSWs of the knee and both the
tibial plafond and the subtalar joints. A one mm increase or decrease in the knee JSW is
associated with a 4% (0.10 mm) and 8% (0.20 mm) increase/decrease in the JSWs of the tibial
plafond and subtalar posterior joints respectively. Knee JSW narrowing is the only gold
standard approved by the FDA as a surrogate for knee OA progression (15). The results from
the linear regression models indicate a positive liner association. Similarly, both joints showed

narrower JSW in the knee OA group when compared to the known OA group.

Although the magnitude of such associations might appear statistically weak, it should be
noted that the average normal knee JSW ranges from 4.8-5.7 mm in healthy adults (461) which
is approximately double that of the tibial plafond which has an average range of 2.4-2.7 mm
(438) while the average JSW of the subtalar posterior facet is between 2.07-2.8mm (56).
Therefore, when considering the differences in the normal mean values for the knee and the

ankle joints, such percentages do have important clinical relevance.

In the hip JSW analysis, the results showed significant association with four of the six ankle
joints in the male population only. The association was statistically stronger with both the
tibial plafond and the subtalar posterior facet. The hip OA group had smaller ankle JSWs in
both sexes; however, this difference was statistically significant only in the male population. A
possible explanation for this is that men and women have distinct skeletal characteristics,

which may have an impact on how the ankle and hip joints are aligned and connected.

For instance, women are more likely than males to have wider hips and a more pronounced
guadriceps angle between the thigh and the ankle, which may have an impact on how the
ankle and hip joints align (462). In addition, other relevant variables such as muscle mass and
physical activity measurements were not available in this analysis and could have added

further explanation of the sex differences found. Therefore, no explanation can be offered as
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to why a significant relationship was demonstrated only in men. Further research into sex

differences regarding this association is required.

In both the knee and hip analyses, the strength of the association between the ankle JSWs
and those of the hip and knee varied depending on the joint examined. For example, in the
knee analysis, the association is more significant for the subtalar posterior JSWs compared to
the tibial plafond indicating that the subtalar joint is more important. However, the ankle
complex region is an object connected in three dimensions encompassing several joints (456).
Therefore, a variation in one joint may affect other joints, especially the ones that share the

same plane of motion (456).

For instance, the motion of the subtalar joint is tri-planar which involves external and internal
rotation and eversion and inversion motions, and thus any variation in the JSW of the subtalar
joint would be expected to affect that of the tibial plafond since they work together as a
combined joint and share similar motion planes (181, 463). This may explain the stronger
association between the knee JSW and the subtalar JSW compared to that of the tibial
plafond, in that the former joint is more important and the relationship with the main ankle
joint is secondary. This would also apply to the hip analysis given that the strength and

magnitude of the associations differ from one ankle joint to another.

As mentioned previously in this chapter, when discussing the association of ankle JSWs with
sex and body anthropometry variables, the results of the ankle JSWs were presented without
correction for multiple testing since the ankle is a complex 3D structure and each of the six
joints may vary in the strength and the magnitude of their association with other variables.
For example, if correction had been applied, the association between the tibial plafond and
knee JSWs would be deemed not statistically significant and instead attributed to chance. But
it does have a clinically meaningful association even though the subtalar posterior joint is
more significant. It is narrower in the OA group, and therefore when the alignment of this joint
is affected it will affect to some degree the alighment of the tibial plafond since these two

joints share coupled motions (463).

In summary, the results indicate that there are associations between some JSWs of the joints
in the ankle complex region and those of both the hip and knee. Such associations are stronger

for the tibial plafond and subtalar posterior joints. In addition, participants with degenerating
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joints in either the hip or knee due to OA had narrower ankle complex joint spaces which were
more significant in the hip analysis. This indicates that lower JSWs in the ankle complex region

are common in participants with both hip and knee OA.

These associations could have several possible explanations. Firstly, they could result from the
structural changes occurring in the hip or the knee joints caused by OA which might affect the
alignment of the lower limbs. For example, several studies have concluded that both varus
and valgus deformity in the knee joint could have a severe impact on the alignment of the
lower limb, depending on the degree of deformity, resulting in altered hip-knee-ankle
alignment which would affect the lower extremity including the ankle (41-43). That could
affect balance, causing the subtalar joint and the motion of the ankle complex region to adopt
a different pattern in order to compensate in the balancing of the lower limb for by the
misalignment occurring as a result of knee deformity (42). Such adaptations could result in
corresponding changes in the alignment of the ankle complex joints, resulting in increased

pressure on them leading to structural change developing over time (464).

In support of this, several studies show that the prevalence of ankle OA in knee OA patients is
high. Tallroth, Harilainen (45) reported that 29% of their participants with knee OA also
showed some form of ankle OA. Furthermore, Xie, Jiang (43) found the incidence of ankle OA
at 37% among such patients to be higher than that in the general population. Finally, Kikuchi,
Kanamori (46) recently reported the incidence of ankle OA to be 24% in their sample with

knee OA.

Another hypothesis that would explain the narrowing of JSWs in the ankle complex region is
that patients with knee and hip pain could alter their gait to lower the pressure on the hip or
knee joints so as to avoid further pain. One study examined ankle biomechanics in patients
with hip pain using 3D kinematic data (465). The results showed that the participants with hip
pain exhibited altered ankle kinematics, such as reduced dorsiflexion in the ankle. If adopted
for longer periods, this would affect the joints of the ankle complex region which would be

subjected to increased stress leading to the development of some form of joint degeneration.

A further explanation for such an effect might be related to variations in foot type between
participants with hip and knee OA compared to those without these conditions. In this study,

the results of the ankle bone shape variations between participants with and without OA and
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the results of other several studies, have noted that participants with hip OA have a foot type
that is more supinated and that participants with knee OA have foot types that are more
pronated (36-38, 424). Excessively supinated or pronated foot types could represent
variations in how the bones in the ankle complex region are aligned with each other. Such
variations could result in differences in the JSWs of the joints connecting the bones. These
would be expected to have a greater effect the subtalar and tibial plafond joints which are
mainly associated with supination and pronation movements in the ankle complex region
(456). Excessive or prolonged pronation or supination can result in flat feet or foot types with
a higher arch as well as issues such as overuse injuries, which can in turn contribute to subtalar

joint degeneration (181).

The principal purpose of the subtalar joint, which is located between the talus and calcaneus
bones of the foot, is to permit the inversion and eversion of the foot. The cartilage that
cushions the joint might become increasingly worn and torn as a result of prolonged or severe
pronation and/or supination, causing the bones in the joint to brush against one another more
frequently than they should (181). In addition, those bones may also move out of position as
a result of excessive pronation or supination, which can contribute to the degeneration of the

subtalar joint (36).

Previously in this chapter, variations in the shapes of bones in the ankle complex region
between participants with and without hip and knee OA were discussed. Knee OA participants
showed ankle complex bone shape which indicate a pes planus foot structure (pronated foot)
with a more everted calcaneus and a dropped navicular bone, whereas the hip OA participants
presented a more pes cavus foot structure (supinated foot) with a more inverted calcaneus
and an increase in navicular bone height. These findings support the results noted in this
analysis. Where such associations between both the tibial plafond and the subtalar JSWs with
both the hip and knee JSW are consistent. Variations in the alignment and structure of the
ankle joint complex could have a biomechanical effect on both the knee and hip joints since
they share the same kinetic chain. Such effects are mainly initiated during the gait cycle and
are linked to how force applied passes from the ground through the lower limb. Studies
discussed in section 8.1.2 explained how alterations in the ankle complex region caused by

variations in foot type affect the distribution of mechanical force throughout the lower limb.
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This raises an important question regarding cause and effect. Are the morphological variations
found in the bone of the ankle complex region and their association with the JSWs of the hip
and knee joints promoting the incidence or progression of OA in the joints of the kinetic chain
in the lower limb such as the knee and hip joint? Alternatively, are morphological variations
in bone shape and ankle joint JSWs a result of a compensatory mechanism secondary to the
development of OA in other joints sharing the same kinetic chain? This important question
cannot be definitively answered in this study since a cross-sectional analysis cannot determine

causation.

However, it should be noted that the theory that such relationships are driven by the ankle
joint’s ability to compensate for the imbalance caused by malignment in the lower limb might
be supported by the findings from studies which evaluate the ankle joints in the upright
weight-bearing position, where some form of adaptation to the surface will occur. In the
present study, the ankle complex region was examined using MRI while participants were in a
non-weight bearing position, but similar associations were nonetheless found. This supports
an explanation in terms of morphological variations in the ankle complex region affecting how
the bones are aligned together. In addition, the presence of these associations even in the
early stages of knee and hip OA as well as plausible direct mechanisms related to mechanical
force and gait suggest that ankle morphology drives knee and hip OA and not vice versa. This
analysis and further research with the NTFS cohort present a unique opportunity to test such
hypotheses using data from subsequent reviews in order to determine how much baseline

morphology at age 62 predicts incident and progressive knee and hip OA.
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8.3 Strengths of the study
This study has several strengths as listed below:

It is possible to generalise the findings to a larger population, since the participants
studied are members of a birth cohort representative of the general population at the
time of their birth.

The use of statistical shape modelling which applies novel machine learning algorithms
to construct detailed models of a structurally complex joint such as the ankle joint
using MRl images facilitates the accurate quantification of various measurements such
as bone shape, bone area, and joint space width.

In comparison to other studies of ankle morphology using SSM, a larger sample of 206
participants were examined within the specific age group of those aged 62 years old
who share the same ethnicity and are more susceptible to OA. This helped in
minimising bias related to different age, genetic and lifestyle factors that may vary
between ethnic groups and which could affect the morphology of the ankle.

A quantitative assessment is provided of variations in ankle morphology which can be
used as a reference for future research and clinical practice.

Several variables are considered for which data had been collected previously, such as
assessments of pain and function related to OA, body anthropometry, OA
radiographical features and systematic bone density measurements.

The associations between ankle morphology and OA in multiple joints of the lower
limb are examined, which allows for a more comprehensive understanding of the
relationships between joints sharing the same kinematic chain and could potentially

lead to improved diagnostic and treatment options for patients with OA.

283



8.4 Potential weaknesses of the study
To correctly evaluate and utilise the findings of this study, it is crucial to recognise and

comprehend its limitations. The major limitations of this study are described below:

e The utilisation of a low-field (0.2T) Esaote C-Scan MRI scanner for the imaging of the
ankle joint is limited by its low resolution. The decision to use this scanner was made
to reduce the risk of claustrophobia among participants and to increase study
participation, and the scanning was accomplished in the Clinical Research Facility
where a range of other measurements were also completed. Since the SSM
reconstruction was based on manual bone segmentation from a trained sample, the
quality of the images was deemed to be acceptable, and it is unlikely that major
morphological bone features were missed during the process.

e The sample size still carries some risk of both type 1 (false positive) type 2 (false
negative) errors, which may have therefore affected some estimates. Although the
sample of participants in this study was three times larger than those in the most
relevant previous studies, an even larger sample size might produce more robust
results and further reduce the likelihood of type 1 & 2 errors.

e The morphological variations and associations presented in this study are for
participants who were 62 years of age, and therefore the results may not be
generalisable to other age groups. It is important to consider this when interpreting
the results of the study.

e The 3D-SSMs were constructed based on the segmentation of bone surfaces from MRI
images with no direct segmentation of the cartilage, and therefore, all JSW results
should be interpreted accordingly.

e This study is cross-sectional in nature, which limits the ability to establish causality or
track changes over time. Future musculoskeletal assessments planned by the NTFS
could enable the longitudinal examination of the findings of this study. Also, further
data could be included such as from gait analysis, muscle mass evaluation, foot and
ankle and ligament assessments that can help in determining the impact of the

morphological variations found in the ankle complex region on gait kinematics and
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kinetics. This to lead to more categorical explanations of the relationships between
the associations presented in this study and other joints in the lower limb.

e Another issue relates to the use of radiographic images to evaluate the JSWs of the
knee and hip. Several limitations have been associated with such methods which may
increase the variability in the data and could affect the estimate of the R-squared in
regression analysis. Further research quantifying JSW from knee and hip 3D-MRI SSMs
has shown better accuracy and including those models rather than radiographic knee

and hip data may provide better estimates.

8.5 Recommendations
This study has shown that the association between the JSWs of joints in the ankle complex

region and the differences in bone shape between knee/hip OA and non-OA groups is of
clinical importance. Clinicians should consider evaluating ankle structure, especially in
patients with lower limb OA. The clinical assessment of foot posture would also be valuable,
as would the consideration of radiographic assessments in selected patients. The correction
of foot posture with orthoses may have a role in preventing the onset and/or progression of
knee and hip OA, which would be particularly important if prospective studies showed
subsequent delays in or avoidance of joint replacement surgery. In any case, surgeons should
evaluate the ankle complex region in preoperative planning for both total knee and hip
surgeries. In addition, further research exploring variation in ankle morphology and gait would
add value. Also, repeating such analysis on a younger cohort to assess if such associations
noted in this research are already apparent earlier would add more insight to such
relationships. In a forthcoming review of the NTFS, further data such as gait and foot and ankle
assessments along with higher resolution MRI images of the hip, knee, and ankle are
warranted. The use of 3D-SSM to reconstruct shape models for all three joints and
investigations of their interrelation would deepen our understanding of the relationships
between joints in the lower limb in addition to giving insights into the temporal relationships

involved in structural changes in the ankle, knee, and hip.
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8.6 Conclusion
This is the first population-based study which has used MRI images of the ankle complex

region to reconstruct 3D SSMs using machine learning algorithms. Through this approach, the
anatomical complexity of the ankle joint was simplified, enabling the analysis of
morphological variation in the studied population. Several significant morphological variations
in bone shape, bone area, and JSW were found between the sexes. Males in the population
showed wider and larger bone shapes when compared to females, independent of body
anthropometry. Furthermore, bone area and JSW measurements further confirmed the
variations noted in the PC bone shape modes between the sexes. The PC modes of variation
also showed significant differences between participants with hip/knee OA and those without
in both sexes. Participants with knee OA were found to have bone shapes and alignments
representing a pes planus foot type, while those with hip OA participants had bone shapes
and alignments representing the pes cavus foot type. Given these variations in the ankle
complex region even at the early stages of OA, strategies of correction could be promising
methods for the prevention of progressive knee and hip OA and delaying or avoiding joint

replacement surgery.

The joint space widths of the six ankle joints comprising the ankle complex region were
quantitatively evaluated from 3D-SSM. The results revealed that all joints demonstrated
significant differences between males and females, with females exhibiting narrower JSWs
compared to males regardless of body anthropometry. A backward regression analysis found
a positive correlation between systematic BMD measurements and certain JSWs in the ankle
complex. Additionally, the relationships between the JSWs of the hip and knee joints and those
of six joints in the ankle were examined. Both males and females displayed a significant
positive association between the JSWs of the right and ipsilateral knee and those of the tibial
plafond and subtalar posterior. In males only, a significant positive association was also
observed between the right and ipsilateral hip JSWs and four of the ankle JSWs. Participants
with hip OA also exhibited narrower ankle JSWs compared to those without, and this
difference was statistically significant in males although a similar but weaker trend was
observed in females. Plausible explanations were offered for the associations discussed in this

study, suggesting a direct mechanism related to mechanical force and gait.
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This study shows a significant difference in the way that the ankle complex region is
constructed between sexes. Such differences are attributable to the variations between the
sexes associated with bone size and the way bones are connected which also result in females
having smaller JSWs compared to males. It is well established that OA is more common in
females compared to males. In addition, the results show that both males and females with
OA in the hip and knee have narrower ankle JSWs, which could be attributed to morphological
variations in the way that the bones align in the ankle complex region. Alterations in the
structure of the ankle complex region have previously been linked to altered gait patterns,
which may then alter the distribution of the mechanical load throughout the lower limb. We
know that progressive OA is biochemically mediated, but mechanically driven. All indications
suggest that ankle morphology may directly influence knee and hip OA through the effects of
gait and the distribution of mechanical force. However, further studies including 3D SSM of
ankle morphology, and preferably of knee and hip morphology too; and perhaps including
additional methods of gait assessment are needed to confirm this hypothesis. This could be

tested in subsequent reviews of this cohort or by research on other populations.
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